May  22,  1962  f.  g.  steele  3,035,768 

ELECTRONIC  DIGITAL  DIFFERENTIAL  ANALYZER 
Filed  Feb.  10,  1956  7 Sheets-Sheet  3 


S- 


May  22, 

1962 

F.  G.  STEELE  3,035,768 

ELECTRONIC 

DIGITAL  DIFFERENTIAL  ANALYZER 

Filed  Feb. 

10,  1956 

7 Sheets-Sheet  4 

/EO  !P 

7—/ <3. 

5TA/ZT 


S/A/OLE  STOP 


S/a/ole  Stop 


S/A/OLE  STAPT\ 


4 i S/A/&LE  5TAAZT 
-60V  -60  V 


Set  C Gat/a/ o /Vetuvoaze-^ 
PX  33  r'x  84 

< ^ — Tv" 


7-/(3.  <2>(Z. 


ti  I 

- up 


, { i 

^ — up  C2£A'/C2up7 


/02  Zepo  C Oa  T/A/tS  A/etcoope 

l 90  \ — -f1 

^ 1—  i+A  / rs^ j7£~L_ 

\l  LOTTOLKT^/s  , X A * , 


36  89 


A 0 4'  A T'  A COP' 


INVENTOR. 

AIoyo  G.  Steele 

BY 

Attopa/ey 


May  22,  1962  f.  g.  steele  3,035,768 

ELECTRONIC  DIGITAL  DIFFERENTIAL  ANALYZER 
Filed  Feb  10,  1956  7 Sheets-Sheet  5 


5er  AS  Gat/zvg  a/ztu/o/za' 


May  22,  1962 


F.  G.  STEELE 

ELECTRONIC  DIGITAL  DIFFERENTIAL  ANALYZER 


3,035,768 


Filed  Feb.  10,  1956 


7 Sheets-Sheet  7 


United  States  Patent  Office 


3,035,768 

Patented  May  22,  1962 


1 

3,035,768 

ELECTRONIC  DIGITAL  DIFFERENTIAL 
ANALYZER 

Floyd  George  Steele,  La  Jolla,  Calif.,  assignor  to  Digital  5 
Control  Systems,  Inc.,  La  Jolla,  Calif. 

Filed  Feb.  10, 1956,  Ser.  No.  564,683 
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The  present  invention  relates  to  electronic  digital  com- 
puters and  more  particularly  to  an  electronic  digital  dif-  10 
ferential  analyzer  incorporating  unique  concepts  which 
occasion  greatly  reduced  equipment  complexity  and  con- 
siderable gains  in  functional  performance. 

A differential  analyzer  is  usually  considered  conceptu- 
ally to  be  made  up  of  a number  of  integrators  with  as-  15 
sociated  facilities  for  readily  interconnecting  these  integra- 
tors for  the  solution  of  differential  equations.  Since  all 
physical  problems  and  most  purely  mathematical  prob- 
lems can  be  reduced  to  differential  equation  form,  the 
differential  analyzer  in  its  various  embodiments  (mechani-  20 
cal,  electronic  analogue,  and  electronic  digital)  has  be- 
come an  exceedingly  powerful  and  important  tool  for  the 
analysis  of  such  problems. 

An  integrator  for  purposes  of  illustration  may  be  con- 
sidered to  be  a device  in  which  an  initial  value  y0  is  stored  25 
and  which  responds  to  input  rates  dy  and  dx  to  produce  an 
output  rate  dz  which  is  related  to  the  input  rates  by  the 
equation: 

dz—k(y0+fdy)dx=kydx 

30 

where  k is  an  arbitrary  scaling  constant  which  is  introduced 
in  the  operation. 

In  a differential  analyzer,  the  dz  output  rates  produced 
by  each  integrator  are  available  to  other  integrators  for 
use  thereby  as  dx  and  dy  input  rates.  Interconnection  be-  S5 
tween  integrators  is  established  in  this  manner,  i.e.  by 
selectively  connecting  the  dz  output  of  each  integrator 
to  the  dx  and/or  dy  input  of  the  same  or  other  integra- 
tors. Through  suitable  interconnection  of  integrators,  as 
herebefore  mentioned,  problem  solutions  are  developed  40 
by  an  analyzer. 

In  mechanical  differential  analyzers  of  the  well  known 
Bush-Caldwell  type,  dx  and  dy  inputs  and  dz  outputs  of  an 
integrator  are  provided  in  the  form  of  shaft  rotations  and 
the  y value  y0 +5dy  is  stored  within  the  integrator  as  the  45 
linear  displacement  of  a shaft.  Interconnection  between 
integrators  is  therefore  accomplished  by  selectively  cou- 
pling the  (dz)  output  shaft  of  each  integrator  to  the  (dx 
and/or  dy)  input  shafts  of  that  or  other  integrators.  In 
an  electronic  analogue  differential  analyzer  the  y value  50 
of  an  integrator  is  held  as  a voltage  stored  on  a capaci- 
tor and  dy  inputs  and  dz  outputs  of  the  integrator  are  pro- 
vided as  input  and  output  voltages.  Commonly  an  in- 
tegrator of  an  electronic  analogue  analyzer  cannot  accept 
a variable  dx  input  but  is  constrained  to  integrate  with  re-  55 
spect  to  time  t so  that  dx=dt  for  all  integrators.  This 
places  great  limitations  on  the  use  of  electronic  analogue 
differential  analyzers.  Interconnection  of  integrators  in 
such  an  analyzer  is  accomplished  by  physically  connecting 
conductive  wires  between  the  dz  output  of  each  integrator  60 
and  the  inputs  to  which  the  dz  signal  is  to  be  applied. 

In  the  electronic  digital  differential  analyzer  the  y value 
of  an  integrator  is  held  stored  in  digital  form  as  a so- 
called  Y number.  The  dx  and  dy  input  rates  and  dz  out- 
put rates  are  provided  as  pulse  coded  signal  trains.  In  a 65 
number  of  digital  differential  analyzers  each  signal  of  such 
a signal  train  has  a significance  of  +1  or  —1  scaled  to  the 
weight  of  the  lowest  order  digit  of  the  Y number.  In  this 
representation,  a positive  rate  is  indicated  by  an  excess 
of  +1  valued  signals  in  the  signal  train  which  represents  70 
the  rate  and  a negative  rate  is  indicated  by  an  excess  of 
—1  valued  signals  while  a zero  rate  is  indicated  by  alter- 
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nate  +1  and  — 1 valued  signals  in  the  signal  train.  (It 
should  be  noted  that  other  forms  of  rate  representation 
have  also  been  used,  as  for  example  the  so-called  ternary 
representation  in  v/hich  corresponding  signals  in  two 
pulse  coded  signal  trains  are  utilized  to  represent  the 
values  +1,  0,  or  — 1.)  Increase  or  decrease  of  the  y 
value  of  an  integrator  in  accordance  with  the  equation 
y=y0-| -Jdy  is  accomplished  by  adding  or  subtracting  1 
respectively  from  the  Y number  for  each  -J-l  or  — 1 
valued  dy  input  signal  received. 

Production  of  dz  output  signals  by  an  integrator  in  ac- 
cordance with  the  equation  dz=kydx  is  accomplished 
through  use  of  a so-called  R number  which  is  associated 
with  the  Y number.  For  each  +1  or  —1  valued  dx  sig- 
nal received  the  Y number  is  accordingly  added  to  or  sub- 
tracted from  the  R number.  In  this  way  the  Y number 
is  effectively  added  to  the  R number  at  the  rate  dx. 
Eventually  the  R number  will  overflow — that  is  exceed 
predetermined  limits  assigned  to  the  R number — and  the 
rate  at  which  such  overflows  occur  is  taken  at  the  output 
rate  dz.  Each  time  the  R number  overflows  in  response 
to  addition  or  subtraction  of  the  Y number  the  carry  digit 
produced  in  the  formation  of  the  highest  order  digit  of 
the  R number  is  treated  as  a + 1 valued  dz  output  signal; 
while  on  the  other  hand  each  time  the  R number  does  not 
overflow  in  response  to  such  addition  or  subtraction  the 
carry  digit  produced  is  treated  as  a — 1 valued  dz  output 
signal,  the  train  of  successive  dz  signals  thus  provided 
forming  the  dz  output  rate. 

In  view  of  what  has  already  been  explained,  it  is  clear 
that  in  a digital  differential  analyzer  an  individual  integra- 
tor need  not  necessarily  exist  as  a separate  and  distinct 
physical  entity  but  instead  may  comprise  a stored  Y 
number  and  an  associated  stored  R number  and  apparatus 
for  performing  the  following  operations  on  these  numbers 
in  response  to  applied  dz  signals:  utilizing  selected  dz  sig- 
nals as  dx  and  dy  inputs;  decreasing  or  increasing  the  Y 
number  in  accordance  with  each  dy  input;  adding  or  sub- 
tracting the  Y number  from  the  R number  in  accordance 
with  the  dx  input;  and  producing  dz  output  signals  in  ac- 
cordance with  the  resultant  overflows  of  the  R number. 
In  the  same  manner  a plurality  of  integrators  may  be  pro- 
vided by  storing  a plurality  of  pairs  of  Y and  R numbers 
and  operating  serially  upon  each  pair  of  Y and  R num- 
bers, the  apparatus  for  performing  these  operations  thus 
being  time  shared  so  that  it  successively  services  each  pair 
of  Y and  R numbers. 

One  early  multiple  integrator  electronic  digital  dif- 
ferential analyzer  of  the  described  type  to  appear  com- 
mercially was  the  Maddida  machine,  which  utilized  a ro- 
tating magnetic  drum  for  the  storage  of  a plurality  of  pairs 
of  Y and  R numbers  thereon.  The  Maddida  machine 
contained  nearly  100  tube  envelopes  (excluding  power 
supply)  and  almost  1000  crystal  diodes  in  its  circuitry  for 
operating  upon  these  pairs  of  Y and  R numbers.  Even 
considering  its  electronic  complexity,  the  Maddida  offered 
great  advantages  over  the  prior  art  mechanical  and  elec- 
tronic analogue  analyzers. 

Other  digital  analyzers  appearing  commercially  since 
the  Maddida  have  tended  to  develop  in  the  direction  of 
ever  increasing  electronic  complexity  partly  because  of 
their  operation  in  the  binary  coded  decimal  number  sys- 
tem rather  than  the  binary  number  system  and  partly  be- 
cause of  the  engrafting  of  additional  features  upon  the 
original  Maddida  design  without  adequate  revision  of 
the  basic  machine  concepts  to  fully  coordinate  and  inte- 
grate these  additional  features  into  a new  machine  de- 
sign. 

The  present  inventor  has  long  felt  that  great  effort 
should  be  directed  at  simplification  rather  than  elabora- 
tion of  the  electronic  complexity  of  electronic  digital  dif- 
ferential analyzers,  hereinafter  referred  to  as  DDA’s. 
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In  accordance  with  this  object,  the  present  inventor  con- 
ceived a novel  DDA  hereinafter  called  DDA  780  which 
is  fully  disclosed  and  explained  in  U.S.  patent  applica- 
tion 388,780,  entitled  “Electronic  Digital  Differential 
Analyzer”  filed  October  28,  1953.  As  disclosed,  DDA 
780  holds  twenty  pairs  of  Y and  R numbers  stored  in 
interplexed  form  on  a single  recirculating  channel  (called 
the  long  channel)  of  a magnetic  drum.  The  successive 
pairs  of  Y and  R numbers  each  with  associated  decode 
(dz  selection)  indicia  are  stored  in  respectively  successive 
sections  (integrator  sections)  of  the  long  channel.  The 
drum  includes  an  additional  recirculation  channel  (the 
short  channel)  in  which  are  continuously  stored  the  most 
recent  dz  output  signals  produced  by  the  twenty  integra- 
tor sections.  The  length  of  the  short  channel  corresponds 
to  one-half  of  a single  integrator  section  so  that  the  con- 
tents of  the  short  channel  recirculate  twice  during  each 
passage  of  an  integrator  section. 

Because  of  this  operation  all  of  the  dz  signals  contained 
in  the  short  channel  are  serially  presented  during  each 
passage  of  an  integrator  section.  So-called  dx  and  dy 
decode  marks  are  filled  (selectively  recorded)  in  the  first 
half  (decode  portion)  of  each  integrator  section.  These 
decode  marks  as  they  appear  have  the  effect  of  selecting 
corresponding  dz  signals  from  the  short  channel  for  in- 
troduction to  the  integrator  section  as  dx  and  dy  inputs 
which  will  control  operations  to  be  performed  upon  the 
pair  of  interplexed  Y and  R numbers  stored  in  the  second 
half  (integrate  portion)  of  the  integrator  section.  In  re- 
sponse to  such  dx  and  dy  inputs  new  Y and  R numbers 
are  formed  and  rewritten  in  the  integrator  section  in  the 
spaces  formerly  occupied  by  the  old  Y and  R numbers, 
the  carry  signal  resulting  from  the  formation  of  the  high- 
est order  digit  of  the  new  R number  being  introduced  into 
- the  short  channel  as  the  most  recent  dz  output  signal  of 
the  integrator  section. 

To  simplify  in  DDA  780  the  introduction  of  such  a dz 
output  signal  into  its  appropriate  position  in  the  short 
channel,  a so-called  “m”  mark  is  initially  filled  into  and 
maintained  in  the  first  cell  of  the  short  channel  and  the 
dz  signals  in  the  short  channel  are  regularly  precessed 
with  respect  to  the  “m”  mark  so  that  at  each  passage  of 
an  integrator  section  the  appropriate  position  for  the  dz 
output  signal  produced  by  the  integrator  section  is  imme- 
diately behind  the  “m”  mark.  As  a result  of  this  preces- 
sion operation  every  other  appearance  of  the  “;n”  mark 
indicates  that  the  then  produced  dz  output  signal  should 
be  recorded  immediately  behind  the  “m”  mark.  The  “m” 
mark  is  also  utilized  in  conjunction  with  a two  stage  pro- 
gramming counter  to  identify  the  decode  and  integrate 
portions  of  each  integrator  section.  The  “m”  mark  of 
course  appears  twice  during  the  passage  of  each  integrator 
section,  its  first  appearance  indicating  the  beginning  of 
the  decode  portion  and  its  second  appearance  indicating 
the  beginning  of  the  integrate  portion  of  the  integrator 
section. 

One  feature  of  the  prior  art  DDA  780  is  that  coding 
facilities  are  provided  for  each  integrator  section  for 
selecting  a plurality  of  dz  signals  for  introduction  to  the 
integrator  section  as  dy  inputs  thereto,  these  signals  being 
accumulated  and  summed  in  a four  stage  “2 dy"  flip-flop 
counter,  the  sum  (2 dy)  thus  formed  in  the  counter  being 
serially  added  to  the  Y number  upon  its  appearance.  As 
a result  of  this  feature  each  integrator  section  can  be 
interconnected  on  its  dy  input  with  a plurality  of  other 
integrator  sections.  The  four  stage  2 dy  counter  can  hold 
the  numbers  +7  to  — 7 and  therefore  each  integrator  sec- 
tion can  receive  dy  inputs  from  at  most  seven  other  inte- 
grator sections  unless  additional  flip-flop  stages  are  pro- 
vided for  the  four  stage  2 dy  counter. 

Although  multiple  dy  inputs  to  an  integrator  section 
could  be  provided  in  DDA  780  in  the  described  manner, 
no  facilities  were  provided  for  summing  dx  inputs  to  an 
integrator  section.  Ordinarily  therefore  each  integrator 
section  in  DDA  780  can  receive  a dx  input  from  only  one 
other  integrator  section.  Under  certain  conditions  a sec- 
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ond  dx  input  can  be  received  from  a second  integrator 
section,  this  second  dx  input  if  a —1  value  having  no 
effect  and  if  a + 1 value  having  the  effect  of  reversing  the 
sign  of  the  first  dx  input.  Thus  in  DDA  780  sign  reversal 
5 of  dx  inputs  may  be  accomplished  by  initially  filling  one 
integrator  section  so  that  it  continuously  produces  +1 
dz  output  signals,  these  output  signals  being  utilized  as 
second  (sign  reversing)  dx  inputs  for  those  integrator  sec- 
tions where  sign  reversal  of  the  dx  input  is  required.  The 
10  disadvantage  of  this  method  of  providing  sign  reversal  is 
that  an  entire  integrator  section  has  to  be  devoted  to  the 
task  of  producing  uniform  +1  valued  sign  reversal  out- 
puts, thus  reducing  the  number  of  integrators  available 
for  problem  solution.  An  additional  disadvantage  is  that 
15  there  are  no  facilities  for  providing  sign  reversal  of  dy, 
an  operation  which  is  often  desirable. 

Even  considering  its  limitations  DDA  780  represented 
a remarkable  achievement  from  the  point  of  view  mathe- 
matical power  and  of  reduction  of  electronic  complexity. 
20  Only  thirteen  electronic  flip-flop  units  and  approximately 
300  diode  rectifiers  were  required  for  the  mechanization 
of  DDA  780.  Thus  the  number  of  components  required 
in  DDA  780  was  far  fewer  than  the  number  required  in 
prior  art  DDA’s,  resulting  in  high  reliability  and  great 
25  reductions  in  size  and  cost. 

However  the  present  inventor  has  now  conceived  and 
developed  the  DDA  of  the  present  invention  which  incor- 
porates a number  of  outstanding  improvements  over 
DDA  780.  In  the  DDA  of  the  present  invention  the  com- 
30  ponent  count  has  been  considerably  reduced,  there  being 
only  ten  flip-flop  units  in  the  DDA  of  the  present  inven- 
tion as  compared  with  thirteen  in  DDA  780  and  there 
being  approximately  thirty  percent  fewer  diodes  required 
for  equivalent  mechanizations.  Moreover  in  the  DDA  of 
35  the  present  invention  virtually  all  of  the  above-described 
disadvantages  of  DDA  780  have  been  corrected  and  in 
addition  a number  of  valuable  new  operating  features 
have  been  incorporated. 

Probably  the  most  significant  feature  of  improvement 
40  is  that  the  four  stage  2 dy  counter  has  been  largely  elim- 
inated, summing  of  multiple  dy  input  signals  being  accom- 
plished by  an  entirely  different  process  which  requires 
only  two  flip-flops  for  its  mechanization  and  which  is 
capable  of  summing  an  indefinite  number  of  dy  inputs 
(rather  than  being  limited  to  a maximum  of  seven  inputs) 
45  without  requiring  any  additional  circuitry. 

According  to  this  new  process  for  summing  input  sig- 
nals, each  integrator  section  which  is  to  receive  multiple 
dy  input  signals  has  stored  therein  a number  which  is 
designated  the  2 dy  remainder  number,  the  digits  of  this 
50  remainder  number  being  stored  on  the  memory  surface 
in  the  same  way  that  other  signals  of  the  integrator  sec- 
tion are  recorded. 

At  each  passage  of  such  an  integrator  section,  all  of  the 
multiple  dy  signals  which  are  to  be  received  by  that  inte- 
55  grator  section  are  successively  added  to  the  remainder 
number  to  form  a sum,  at  least  the  highest  order  digit 
of  this  sum  being  utilized  as  the  dy  input  to  the  integrator 
section  while  the  lower  digits  of  the  sum  are  rewritten  in 
the  memory  (in  the  same  positions  within  the  integrator 
60  section)  as  the  new  remainder  number.  Effectively  what 
has  been  accomplished  is  that  plural  dy  input  signals  to 
an  integrator  section  are  now  summed  and  stored  in  the 
memory  rather  than  in  an  external  flip-flop  counter,  at 
least  the  highest  order  digit  of  each  sum  being  supplied 
65  as  the  dy  input  to  the  associated  integrator  section  and 
remaining  digits  being  stored  in  the  memory  to  modify 
later  summations.  Other  unique  features  of  the  summa- 
tion operation  will  appear  at  later  points  in  the  present 
specification. 

70  Another  important  improvement  found  in  the  present 
DDA  relates  to  the  sign  reversal  operation.  In  the  pres- 
ent DDA  each  integrator  section  contains  a cell  in  which 
a so-called  sign  reversal  mark  may  be  filled.  If  a sign 
reversal  mark  is  initially  placed  in  the  integrator  section 
75  each  dx  input  received  by  the  section  thereafter  is  auto- 
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maticaliy  reversed  in  sign  upon  the  appearance  of  the  sign 
reversal  mark.  Thus  in  the  present  DDA  it  is  no  longer 
necessary  to  “use  up”  an  integrator  section  to  accomplish 
sign  reversal  of  dx  inputs,  sign  reversal  now  being  readily 
coded  into  the  machine  through  use  of  the  sign  reversal 
marks. 

It  will  be  recalled  that  in  DDA  780  only  dy  inputs 
could  be  summed  and  only  dx  inputs  could  have  their  sign 
reversed.  In  the  present  DDA  it  is  possible  to  vary  this 
normal  operation  so  as  to  sum  dx  inputs  and  also  to  apply 
sign  reversal  to  dy  inputs.  This  is  accomplished  by  use 
of  a so-called  exchange  operation.  When  the  exchange 
operation  is  utilized  in  connection  with  an  integrator  sec- 
tion, dx  and  dy  inputs  to  that  section  are  effectively  inter- 
changed after  their  formation  so  that  the  signal  formed 
by  the  summation  operation  can  serve  as  the  dx  input  and 
a signal  which  has  previously  had  its  sign  reversed  can 
serve  as  the  dy  input  to  the  integrator  section.  A single 
“exchange  mark”  filled  into  an  integrator  section  orders 
the  performance  of  the  exchange  operation  for  that  inte- 
grator section. 

Another  improvement  in  the  present  DDA  over  DDA 
#780  is  the  elimination  of  a flip-flop  which  in  DDA  780 
is  devoted  to  holding  each  dx  input  throughout  the  addi- 
tion of  the  associated  Y and  R numbers.  It  will  be  re- 
called that  each  Y number  is  to  be  added  to  or  sub- 
tracted from  the  corresponding  R number  in  accordance 
with  the  sign  of  the  associated  dx  signal.  Since  the  opera- 
tion required  for  subtraction  of  two  binary  numbers  is 
different  from  that  required  for  addition,  it  is  necessary  to 
continuously  know  throughout  the  operation  whether  an 
addition  or  subtraction  is  to  be  performed  (i.e.  know  the 
sign  of  dx  throughout  the  operation).  However  in  the 
present  DDA  each  Y number  is  stored  in  so-called  differ- 
ence notation  rather  than  normal  binary  notation.  Be- 
cause of  certain  unique  features  of  the  difference  notation, 
it  has  been  possible  to  develop  a process  for  combining  the 
Y and  R numbers  in  which  knowledge  of  dx  is  required 
only  at  the  time  that  the  first  or  lowest  order  digit  of  the 
new  R number  is  formed.  After  that  time  knowledge  of 
dx  is  no  longer  required  and  the  flip-flop  which  held  dx 
may  thereafter  be  utilized  for  other  purposes  in  combin- 
ing the  Y and  R numbers.  Moreover  the  use  of  difference 
notation  allows  considerable  reduction  in  the  number  of 
diode  rectifiers  required  for  mechanizing  the  combining 
of  the  Y and  R numbers. 

Another  important  advantage  of  the  present  DDA  is 
that  accuracy  of  computation  has  been  considerably  in- 
creased by  the  incorporation  in  each  integration  of  so- 
called  “round-off”  and  “trapezoidal”  corrections  whose 
nature  will  be  later  explained.  The  inclusion  of  these  cor- 
rections greatly  reduces  growth  of  error  in  the  Y and  R 
numbers  caused  by  the  limited  length  of  these  numbers 
and  by  the  integration  approximations  which  are  utilized. 
The  corrections  are  introduced  in  novel  and  extremely 
simplified  manner  by  developing  an  initial  carry  digit 
which  is  utilized  in  forming  the  first  digit  of  the  new  R 
number.  The  introduction  of  the  correction  is  further 
simplified  by  using  a relationship  which  has  been  dis- 
covered to  exist  between  the  corrections  and  the  dy  signal. 

An  additional  important  improvement  in  the  present 
DDA  relates  to  the  novel  manner  in  which  the  decode 
and  integrate  portions  of  each  integrator  section  are  de- 
marked  by  so-called  “phase  control  marks”  which  are 
filled  into  every  other  cell  of  the  short  channel:  In  DDA 
780  the  beginnings  of  the  decode  and  integrate  portions 
were  indicated  by  the  appearance  and  reappearance  of  the 
“m”  mark.  In  order  to  be  continuously  apprised  of  the 
phase  of  operation  (decode  or  integrate)  throughout  the 
passage  of  an  integrator  section  it  was  necessary  to 
utilize  the  “m”  mark  at  each  appearance  to  change  the 
state  of  two  programming  flip-flops  to  indicate  the  phase 
of  operation  begun,  these  flip-flops  then  providing  the 
continuous  or  prolonged  phase  control  information  which 
is  required.  In  the  present  DDA  however,  by  providing  a 
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plurality  of  phase  control  marks  distributed  throughout 
the  short  channel,  these  marks  themselves  continuously 
(since  one  of  them  always  appears  in  either  the  read  or 
write  flip-flop  of  the  short  channel)  provide  the  required 
5 phase  control  information.  On  an  automatic  basis  each 
signal  applied  to  the  write  flip-flop  of  the  short  channel 
is  reversed  in  value.  Thus  during  one  recirculation  of 
the  short  channel  (during  passage  of  the  decode  portion) 
all  of  the  phase  control  marks  appearing  in  the  read  flip- 
10  flop  have  “0”  values  and  during  the  next  recirculation  of 
the  short  channel  (during  passage  of  the  integrate  por- 
tion) have  “1”  values  because  of  the  described  reversal 
of  signal.  In  this  manner  the  phase  control  marks  con- 
tinuously indicate  by  their  “0”  and  “1”  values  whether 
15  the  DDA  is  in  a decode  or  integrate  phase  of  operation. 

Obvious  advantages  flow  from  use  of  the  phase  control 
marks  in  this  manner.  Since  an  “m”  mark  is  not  filled  into 
the  short  channel,  it  is  not  necessary  to  have  special  filling 
and  marking  operations  for  the  short  channel.  Since  the 
2o  described  reversal  of  signals  in  the  short  channel  is  an 
automatic  function  of  the  DDA,  initial  filling  of  phase 
control  marks  (and  also  of  initial  “0”  values  of  dx  signals) 
into  the  short  channel  is  automatically  accomplished 
whenever  the  DDA  is  cleared.  In  addition  much  of  the 
25  logical  gating  in  the  DDA,  particularly  that  gating  which 
is  associated  with  the  read  and  write  flip-flops  of  the 
short  channel,  is  greatly  simplified  since  identification  of 
the  “decode”  or  “integrate”  phase  of  operation  is  already 
inherent  in  the  contents  of  these  flip-flops.  Moreover  all 
30  gating  which  in  DDA  780  was  associated  with  the  setting 
of  programming  flip-flops  by  the  “m”  mark  is  eliminated 
in  the  present  DDA. 

An  additional  feature  found  in  the  present  DDA  which 
is  not  found  in  DDA  780  is  that  input  and  output  facili- 
35  ties  are  provided  for  supplying  certain  of  the  dz  signals 
to  external  output  units  (such  as  graph  plotters)  and  also 
for  accepting  input  signals  provided  by  external  input  units 
(such  as  curve  followers,  other  DDA’s,  or  other  input  de- 
vices). Besides  the  obvious  convenience  offered  by  this 
4Q  feature,  it  should  also  be  noted  that  this  feature  allows  the 
DDA  to  be  linked  up  with  other  DDA’s  to  produce  exceed- 
ingly powerful  computing  ensembles,  and  also  permits  the 
DDA  to  be  readily  incorporated  in  digital  simulation 
equipment. 

Still  another  improvement  which  is  incorporated  in  the 
45  DDA  of  the  present  invention  is  related  to  the  manner 
in  which  signals  are  written  into  the  long  channel.  Each 
signal  appearing  in  the  read  flip-flop  of  the  long  channel 
is  uniformly  transferred  to  the  write  flip-flop  of  the  chan- 
nel either  reversed  (complemented)  or  unchanged  in 
50  value  in  accordance  with  the  high  or  low  level  of  a con- 
trol signal  designated  X.  All  entry  of  signals  into  the  long 
channel  is  therefore  accomplished  by  controlling  the  X 
signal.  Strict  adherence  to  this  mode  of  operation  at  all 
times  has  permitted  important  and  often  surprising  logical 
55  simplifications  in  the  operations  performed  on  the  signals 
of  the  long  channel. 

It  is  therefore  an  object  of  the  invention  to  provide  a 
DDA  having  many  fewer  components  -than  prior  art  in- 
struments and  yet  providing  greater  mathematical  power 
60  and  facility  of  coding. 

It  is  another  object  of  the  invention  to  provide  a DDA, 
employing  a cyclically  operable  memory  device,  which  in- 
cludes equipment  for  summing  multiple  inputs  to  an  inte- 
grator section  without  requiring  an  electronic  summation 
65  counter  external  to  the  memory. 

It  is  an  object  of  the  invention  to  provide  a multiple 
integrator  DDA,  employing  a cyclically  operable  storage 
device,  which  includes  apparatus  for  cyclically  summing  a 
plurality  of  dz  signals  received  by  an  integrator  section 
70  storing  lower  order  digits  of  the  sum  in  the  storage  device 
and  supplying  at  least  the  highest  order  digits  of  the  sum 
to  the  integrator  section  as  an  input  thereto. 

It  is  another  object  of  the  invention  to  provide,  in  a 
cyclically  operable  magnetic  memory  DDA,  apparatus  for 
75  serially  selecting  at  each  cycle  of  operation  a plurality  of 
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dz  outputs  originated  by  predetermined  integrator  sections 
and  serially  adding  each  of  these  dz  signals  to  a remainder 
number  stored  in  the  magnetic  memory,  at  least  the  high- 
est order  digit  of  the  sum  thereby  produced  being  supplied 
to  an  associated  integrator  section  as  an  input  thereto  5 
while  lower  digits  of  the  sum  are  stored  in  the  magnetic 
memory  as  a new  remainder  number. 

It  is  an  object  of  the  invention  to  provide  a cyclically 
operable  magnetic  memory  DDA  which  includes  ap- 
paratus for  summing  a plurality  of  output  signals  original-  10 
ed  by  predetermined  integrators,  applying  at  least  the  high- 
est order  digit  of  the  sum  to  an  associated  integrator  sec- 
tion, and  storing  lower  order  digits  of  the  sum  in  the 
magnetic  memory. 

It  is  an  object  of  the  invention  to  provide  a DDA  in-  15 
eluding  apparatus  for  reversing  the  sign  of  a dx  or  dy 
input  to  an  integrator  section  by  utilization  of  an  asso- 
ciated sign  reversal  mark  stored  in  the  memory  of  the 

DDA. 

It  is  another  object  of  the  invention  to  provide  a DDA  20 
in  which  a dx  or  dy  input  received  by  an  integrator  sec- 
tion may  be  uniformly  reversed  in  sign  in  response  to  ap- 
pearance of  a predetermined  sign  reversal  mark  initially 
filled  into  the  integrator  section. 

It  is  an  object  of  the  invention  to  provide  a DDA  in-  25 
eluding  circuitry  for  exchanging  or  interchanging  the  nor- 
mal dx  and  dy  inputs  to  an  integrator  section  after  their 
formation. 

It  is  another  object  of  the  invention  to  provide  a DDA 
wherein  normal  dx  and  dy  inputs  to  an  integrator  section  30 
are  exchanged  after  their  formation  in  response  to  appear- 
ance of  a predetermined  exchange  mark  filled  into  the  in- 
tegrator section. 

It  is  yet  another  object  of  the  invention  to  provide  a 
DDA  having  facilities  for  summing  dz  signals  to  form  35 
a normal  dy  input  to  an  integrator  section  and  further  in- 
cluding circuitry  for  thereafter  exchanging  the  normal 
dx  and  dy  inputs  to  produce  a dx  input  representing  the 
summation  of  the  dz  signals. 

It  is  still  another  object  of  the  invention  to  provide  a 40 
DDA  having  circuitry  for  reversing  the  sign  of  a normal 
dx  input  to  an  integrator  section  and  further  including 
means  for  thereafter  exchanging  the  normal  dx  and  dy 
inputs  to  produce  a dy  input  which  is  reversed  in  sign. 

It  is  an  object  of  the  invention  to  provide  a DDA  in 
which  Y numbers  are  added  and  subtracted  from  corre- 
sponding R numbers  in  accordance  with  the  sign  of  associ- 
ated dx  input  signals  wherein  storage  and  knowledge  of 
the  value  of  a dx  input  is  only  required  at  the  time  the  first 
digit  of  an  associated  Y number  is  combined  with  the  go 
first  digit  of  the  corresponding  R number. 

It  is  another  object  of  the  invention  to  provide  a DDA 
wherein  Y numbers  are  stored  in  difference  form  so  that 
additions  or  subtractions  of  a Y number  from  an  R num- 
ber in  accordance  with  a dx  input  signal  are  accomplished 
by  identical  operations  varying  only  as  they  affect  the  first 
digits  of  the  Y and  R numbers,  the  dx  signal  being  re- 
quired only  at  the  time  the  first  digit  of  the  Y number  is 
combined  with  the  first  digit  of  the  R number. 

It  is  an  object  of  the  invention  to  provide  a DDA  where-  60 
in  trapezoidal  and  round-off  corrections  are  added  to  an 
R number  by  forming  a single  carry  digit  which  is  utilized 
in  forming  the  lowest  order  digit  of  the  new  R number. 

It  is  another  object  of  the  invention  to  provide  a DDA 
wherein  a correction  added  to  the  R number  of  an  inte-  cg 
grator  section  is  a single  digit  equal  to  dy  when  dx  equals 
-j-1  and  the  reverse  of  dy  when  dx  equals  — 1. 

It  is  an  object  of  the  invention  to  provide  means  for 
demarking  successive  equal  length  portions  of  a first 
cyclically  operable  storage  channel  by  providing  a plural- 
ity  of  like  valued  information  signals  stored  in  a recircula- 
tion channel  whose  length  is  equal  to  one  of  said  portions 
and  which  includes  means  for  automatically  reversing  the 
value  of  each  signal  as  it  is  rewritten  therein,  whereby 
the  information  signals  appearing  have  alternate  vaiues  75 
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at  each  recirculation  of  the  short  channel  and  thereby 
demark  successive  equal  length  portions  of  the  storage 
channel. 

It  is  another  object  of  the  invention  to  provide  a DDA 
wherein  successive  decode  and  integrate  portions  of  a 
long  recirculation  channel  are  identified  by  phase  control 
marks  filled  into  a short  recirculation  channel  whose 
length  is  equal  to  one  of  said  portions,  each  mark  being 
reversed  in  value  as  it  is  rewritten  in  the  short  channel 
so  that  the  marks  appearing  have  alternate  values  at  each 
recirculation  of  the  short  channel  to  thereby  identify 
the  successive  decode  and  integrate  portions. 

It  is  an  object  of  the  invention  to  provide  apparatus  for 
operating  upon  bivalued  signals  stored  in  a recirculating 
channel  by  uniformly  transferring  each  signal  from  a read 
point  to  a write  point  of  the  channel  either  unchanged  or 
reversed  in  value  in  accordance  with  the  value  of  an  ap- 
plied control  signal. 

It  is  another  object  of  the  invention  to  provide  means 
for  introducing  successive  input  signal  information  into 
an  information  signal  recirculating  channel  by  transferring 
each  information  signal  between  read  and  write  points 
of  the  channel  either  reversed  or  unchanged  in  value  in 
accordance  with  the  value  of  a control  signal,  the  con- 
trol signal  having  one  value  whenever  an  input  signal 
has  the  same  value  as  a simultaneously  appearing  in- 
formation signal  and  having  its  other  value  whenever  an 
input  signal  value  is  different  from  the  value  of  a simul- 
taneously appearing  information  signal. 

The  novel  features  which  are  believed  to  be  character- 
istic of  the  invention  both  as  to  its  organization  and 
method  of  operation,  together  with  further  objects  and 
advantages  thereof,  will  be  better  understood  from  the 
following  description  considered  in  connection  with  the 
accompanying  drawings  in  which  a preferred  embodiment 
of  the  invention  is  illustrated  by  way  of  example.  It  is 
to  be  expressly  understood,  however,  that  the  drawings 
are  for  the  purpose  of  illustration  and  description  only, 
and  are  not  intended  as  a definition  of  the  limits  of  the 
invention. 

FIG.  1 is  a block  diagram  illustrating  a functional  rep- 
resentation of  an  integrator  section; 

FIG.  2 is  a schematic  diagram  illustrating  the  intercon- 
nection of  two  functionally  represented  integrator  sections 
for  the  solution  of  a predetermined  differential  equation; 

FIG.  3 is  a schematic  diagram  in  partly  block  form 
illustrating  a magnetic  drum  DDA  which  is  a preferred 
embodiment  of  the  present  invention; 

FIG.  4 is  a functional  diagram  illustrating  for  purposes 
of  example  the  contents  of  one  integrator  section  of  the 
DDA  and  also  illustrating  on  a common  time  scale  the 
contents  of  the  short  channel  during  passage  of  the  in- 
tegrator section; 

FIG.  5 is  a diagram  illustrating  the  waveform  of  one 
flip-flop  output  signal  as  it  would  appear  during  passage 
of  the  integrator  section  shown  in  FIG.  4; 

FIGS.  6 a and  6 b are  circuit  diagrams  illustrating  the 
construction  of  four  gating  networks  and  a gating  circuit 
which  are  included  within  a gating  matrix  of  the  DDA; 

FIGS,  la  through  le  are  circuit  diagrams  illustrating 
seven  switches  which  are  utilized  in  the  DDA  and  also 
presenting  various  waveforms  which  are  illustrative  of 
the  operation  performed  by  these  switches. 

Mathematical  Concepts 

In  order  to  fully  understand  the  manner  in  which  the 
DDA  of  the  present  invention  is  mechanized,  it  is  de- 
sirable to  have  some  familiarity  with  the  mathematical 
concepts  which  underlie  the  use  of  the  DDA.  One  of 
the  best  ways  of  developing  these  concepts  is  to  consider 
briefly  some  of  the  operations  performed  by  a coder  or 
mathematician  in  formulating  and  coding  a problem  for 
solution  by  the  DDA. 

Basically  to  solve  a problem  with  the  DDA  what  is 
required  of  a coder  is  that  he  discover  how  integrator 
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sections  of  the  DDA  should  be  interconnected  in  order 
to  develop  a problem  solution  and  also  to  specify  initial 
values  for  the  Y numbers  which  are  contained  in  those 
integrators.  Once  these  interconnections  and  initial 
values  have  been  found,  they  are  readily  entered  into  the 
DDA.  Interconnections  between  integrator  sections  are 
established  by  initially  filling  appropriate  dx  and  dy  de- 
code marks  into  the  integrator  sections  being  utilized  and 
initial  values  of  the  various  Y numbers  are  entered  by 
filling  the  digits  of  these  numbers  into  spaces  reserved 
therefor  in  the  various  integrator  sections. 

In  accomplishing  his  duties  a coder  does  not  require 
exact  knowledge  as  to  how  integrator  sections  are  dis- 
posed and  mechanized  but  instead  can  make  use  of  di- 
agrammatic or  functional  representations  of  the  integrator 
sections,  which  are  sufficient  for  his  purposes.  Such  a 
functional  representation  of  an  integrator  section,  inte- 
grator diagram  10,  is  shown  in  FIG.  1 and  is  seen  to 
comprise  a depiction  of  a Y number  (which  represents 
a y value),  an  associated  R number,  dx  and  dy  inputs 
for  controlling  operations  upon  these  numbers,  and  a 
dz  output  which  represents  the  product  ydx.  It  is,  of 
course,  understood  that  the  Y number  is  increased  or 
decreased  by  the  +1  or  — 1 values  of  each  dy  input  and 
that  the  Y number  is  added  to  or  subtracted  (by  adding 
its  complement)  from  the  R number  in  accordance  with 
the  +1  or  —1  value  of  each  dx  input  signal,  the  carry 
digits  originating  from  the  highest  order  digit  of  the  R 
number  serving  as  the  dz  output  signals. 

The  R and  Y numbers  are  assumed  in  the  following  dis- 
cussion to  be  expressed  in  binary  form,  and  are  assumed 
to  each  have  the  same  number  of  digits.  (Actually  for 
purposes  of  equipment  simplification,  the  Y number  in 
the  present  DDA  is  stored  in  so-called  “difference”  form 
which  is  closely  related  to  the  binary  form.)  The  Y 
number  will  be  assumed  to  have  n digits  to  the  right  of 
the  binal  point  and  one  digit  (a  so-called  sign  digit)  to 
the  left  of  the  binal  point  so  that  the  Y number 
can  express  the  numbers  lying  between  zero  (0.0000 
. . .)  and  almost  two  (1.1111  . . .).  Since  the  R num- 
ber has  the  same  number  of  digits  as  the  Y number,  it  has 
k+1  digits  and  for  convenience  the  highest  order  digit  of 
the  R number  is  designated  as  Rn+i. 

As  stated  before  a Y number  of  an  integrator  section 
represents  a y value  which  is  held  stored  in  the  integrator 
section.  The  relationship  that  exists  between  a Y num- 
ber and  the  y value  it  represents  is  that: 


Y=l+y 


where  y is  allowed  to  have  any  value  lying  between  +1 
and  —1.  Thus  if  a coder  decides  that  an  initial  y value 
of  +14  is  to  be  filled  into  an  integrator  section,  he  forms 
the  Y number  114  (in  binary  1.10000  . . .)  and,  after 
converting  this  binary  Y number  to  difference  form,  fills 
it  into  the  integrator  section.  The  mathematical  basis  for 
the  described  representation  of  y values  by  correspond- 
ing Y numbers  will  not  be  presented  here  since  it  has 
been  described  in  detail  in  the  prior  art  literature  relat- 
ing to  DDA’s  (see  article  entitled,  “The  Decimal  Digital 
Differential  Analyzer,”  by  Mendelssohn,  in  Aero  Engi- 
neering Review,  February  1954)  and  is  also  specifically 
described  in  the  above-mentioned  copending  U.S.  patent 
application  Serial  No.  388,780. 

The  manner  in  which  required  interconnections  of  in- 
tegrator sections  are  found  for  solution  of  a specified 
differential  equation  is  illustrated  in  FIG.  2,  wherein  is 
shown  a diagrammatic  set-up  for  the  solution  of  the  fol- 
lowing differential  equation. 


d?u  , du  , _ 

W+Iu+U=0 


As  a preliminary  step,  this  equation  is  rewritten  as  a 
difference  equation  of  the  form: 
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To  solve  this  equation,  it  is  first  assumed  that  the  rate 

if) 

g is  available  as  an  input  to  an  integrator  section.  Then 
by  means  of  successive  integrations  the  rates  (—du)  and 
( — udt)  are  developed.  These  rates  are  then  summed  to 
form  a resultant  rate  (— du)~\-( — udt).  Since  this  re- 
sultant rate  is  equal  to 

10  if) 

it  is  utilized  as  such  and  thereby  supplies  the  originally 
assumed  input  rate 

13  if) 

As  shown  diagrammatically  in  FIG.  2,  only  two  in- 
tegrator sections  (integrator  sections  1 and  5 for  ex- 
ample) are  required  for  the  solution  of  this  problem.  As 
20  explained  hereinabove  and  shown  in  FIG.  2,  the  rate 

if) 

is  assumed  available  and  is  applied  as  a dy  input  to  in- 
25  tegrator  section  1 so  that  the  quantity 

du 

dt 

is  accumulated  and  represented  by  the  Y number  of  in- 
30  tegrator  section  1. 

To  form  the  first  required  output  rate  —du,  the  rate 
—dt  must  be  applied  as  the  dx  input  to  integrator  sec- 
tion 1.  It  will  be  appreciated  that  the  rate  dt  is  the  rate 
of  the  independent  variable  of  Equation  2 and  may  there- 
35  fore  be  assigned  any  arbitrary  value.  For  purposes  of 
coding  simplification  it  is  assigned  the  value  -fT,  for  the 
reason  that  in  the  present  DDA  a +1  rate  is  always  auto- 
matically available  to  the  dx  input  of  each  integrator  sec- 
tion if  no  other  dx  inputs  are  coded  therein.  The  re- 
40  quired  output  rate  (—du)  is  therefore  obtained  from  in- 
tegrator section  1 by  utilizing  this  automatically  available 
+ 1 rate  as  the  rate  dt  and  reversing  its  sign  (as  indicated 
by  the  symbol  ©)  to  form  a —dt  rate  which  is  applied  as 
the  dx  input  to  the  integrator  section. 

45  To  form  the  second  required  rate  (—udt)  another  in- 
tegrator section  (integrator  section  5),  is  utilized.  The 
rate  — du  is  applied  as  a dy  input  to  integrator  section  5 
so  that  the  quantity  — u is  accumulated  therein.  Since 
the  required  output  rate  equals  (—udt)  the  rate  dt  must 
50  be  applied  as  a dx  input  to  integrator  section  5.  Thus  as 
shown  in  FIG.  2 the  automatically  available  +1  rate  is 
again  utilized  as  the  rate  dt  and  is  applied  to  the  dx  in- 
put of  integrator  section  5.  The  output  rate  produced  by 
integrator  section  5 is  accordingly  —udt.  (If  a dt  rate 
55  other  than  +1  were  desired,  it  would  be  supplied,  by  ap- 
propriate coding,  from  other  integrator  sections  or  could 
even  be  supplied  from  an  external  source  such  as  a curve 
follower.) 

The  only  step  remaining  is  to  sum  the  two  rates  —du 
50  and  — udt  to  form  the  resultant  rate  (—du)-\-(—udt) 
and  provide  this  resultant  rate  as  the  dy  input  rate 

if) 

g-  of  integrator  section  1.  This  summation  as  indicated  in 
FIG.  2 is  automatically  accomplished  within  integrator 
section  1. 

A preliminary  coding  diagram  has  therefore  been  com- 
pleted which  serves  to  indicate  to  the  coder  what  in- 
_q  tegrator  interconnection  and  initial  conditions  are  re- 
quired for  the  solution  of  equations.  For  example  from 
FIG.  2,  it  is  clear  that  for  the  solution  of  this  problem 
appropriate  initial  values  of 


d(^i^=(—du)  + ( —udt) 


du 

dt 
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arid  — u must  be  filled  into  the  memory  as  the  Y numbers 
of  integrator  sections  1 and  5 respectively.  In  integrator 
section  1 a sign  reversal  mark  must  be  filled  and  also 
two  dy  decode  marks  in  appropriate  positions  to  select 
the  dz  outputs  of  integrator  sections  1 and  5 respectively. 
As  explained  no  dx  decode  mark  need  be  filled  in  the 
integrator  section  since  the  -j-1  rate  is  then  automatically 
available.  In  the  same  manner  referring  to  integrator 
section  5 it  is  clear  that  a dy  decode  mark  must  be  filled 
therein  in  an  appropriate  position  to  select  the  dz  out- 
put of  integrator  section  1.  Once  again  a dx  decode  mark 
is  not  required  since  the  automatically  available  +1  rate 
is  utilized. 

In  further  coding  steps  the  question  of  appropriate 
scaling  relationship  would  be  considered.  Scaling  of  a 
problem  is  largely  controlled  by  varying  the  effective 
lengths  of  the  Y and  R numbers  and  also  through  choice 
of  initial  values  of  Y numbers.  However  the  scaling  op- 
erations will  not  be  discussed  here  since  these  problems 
are  mathematically  complex  in  nature  and  familiarity 
with  them  is  not  required  for  understanding  of  machine 
operation. 

Generalized  Description  of  the  DDA 

Referring  now  to  FIG.  3,  there  is  shown  a magnetic 
drum  DDA  according  to  the  present  invention  which  is 
seen  .to  comprise  as  its  basic  components  a rotatable  mag- 
netic drum  3D  with  associated  magnetic  transducers  and 
read-write  circuitry  for  reading  and  writing  magnetic  sig- 
nals on  the  surface  of  the  drum;  a plurality  of  flip-flops 
designated  A,  B,  C,  L,  M,  I,  P,  Q,  J and  T respectively; 
a gating  matrix  31  which  receives  output  signals  from  the 
flip-flops  and  applies  resultant  input  signals  to  the  flip- 
flops;  and  a control  panel  32,  including  a plurality  of  con- 
trol switches  which  are  utilized  for  generating  electrical 
signals.  These  signals,  called  switch  signals  are  also  ap- 
plied to  gating  matrix  31  to  initiate  and  control  the  vari- 
ous operations  of  the  DDA. 

As  shown  in  FIG.  3,  drum  30  has  three  magnetizable 
tracks  or  bands  34a,  34 b and  34c  established  about  its 
periphery. 

In  track  34a,  a timing  signal  waveform  or  so-called 
clock  pulse  waveform  is  permanently  recorded,  this  wave- 
form comprising  a large  plurality  of  evenly  spaced  tim- 
ing signals  recorded  about  the  periphery  of  the  drum  as 
successively  adjacent  regions  or  cells  of  the  drum  surface 
which  are  alternately  magnetized  in  opposite  directions  of 
polarization.  Upon  rotation  of  drum  30  each  passage 
of  a recorded  timing  signal  beneath  a magnetic  record- 
ing or  transducer  “read”  head  35,  which  is  positioned 
adjacent  track  34a,  causes  the  head  to  produce  a corre- 
sponding electrical  signal,  these  electrical  signals  being 
applied  to  a wave  shaping  circuit  or  clock  pulse  genera- 
tor 36  which  converts  the  signals  to  an  output  train  of 
sharp  electrical  “clock”  pulses  Cl.  Each  appearance  of 
a clock  pulse  Cl  indicates  that  one  of  the  magnetized 
timing  cells  on  track  34a  is  passing  beneath  head  35.  The 
clock  pulses  Cl  are  utilized  to  synchronize  almost  all  of 
the  operations  of  the  computer,  transitions  in  the  elec- 
tronic 1 or  0 states  of  the  flip-flop  circuits  being  made 
only  upon  the  appearance  of  a clock  pulse  signal,  and 
recording  in  magnetic  form  of  bivalued  1 or  0 signals 
upon  tracks  346  and  34c  being  synchronized  with  the 
clock  pulses  in  such  a manner  .that  these  tracks  are  ef- 
fectively divided  into  discrete  cells,  corresponding  to  the 
timing  track  cells,  in  which  a single  bivalued  signal  may 
be  recorded  as  one  of  two  alternate  directions  of  magnetic 
polarization. 

In  track  346,  a recirculating  binary  information  channel 
(called  the  “short  channel”)  having  a storage  capacity  of 
forty  bivalued  signals  is  maintained  over  that  segment 
of  the  track,  designated  segment  38,  lying  between  a 
“write”  head  39  and  a “read”  head  40  which  are  posi- 
tioned adjacent  track  346.  In  track  34c  a second  re- 
circulating channel,  designated  the  “long  channel”  hav- 
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ing  a storage  capacity  of  1600  “bits,”  is  maintained  over 
that  segment  of  track  34c,  designated  segment  42,  lying 
between  a “write”  head  44  and  a “read”  head  45  which 
are  positioned  adjacent  track  34c.  Tracks  346  and  34c 
5 are  also  provided  with  “erase”  heads  416  and  41c,  respec- 
tively, for  erasing  the  signals  stored  in  the  channels  after 
such  signals  have  passed  “read”  heads  40  and  45. 

A recirculating  binary  information  channel  is  a type  of 
storage  device,  well  known  to  those  skilled  in  the  art,  in 
10  which  bivalued  signals  recorded  at  a “write”  point  are 
transported  after  a predetermined  delay  to  a “read”  point, 
each  signal  received  at  the  “read”  point  being  reapplied 
to  the  “write”  point,  so  that  in  operation  signals  recorded 
at  the  “write”  point  circulate  and  recirculate  through 
15  the  information  loop  thus  established. 

For  the  “short  channel”  of  the  present  invention,  the 
path  of  information  flow  for  signals  recorded  on  track 
346  by  “write”  head  39  is  briefly  as  follows:  1 and  0 
signals  so  recorded  pass  from  “write”  head  39  to  “read” 
20  head  40  and  thence  pass  by  means  of  a “read”  circuit  46 
to  flip-flop  A where  they  appear  as  corresponding  elec- 
trical 1 or  0 states  of  flip-flop  A.  From  flip-flop  A the 
signals  are  ordinarily  transferred,  through  operation  of 
gating  matrix  31,  directly  to  flip-flop  C.  In  the  transfer 
25  from  flip-flop  A to  flip-flop  C the  signals  are  reversed  in 
value,  so  that  1 and  0 signals  appearing  in  flip-flop  A 
appear  next  in  flip-flop  C as  0 and  1 signals  respectively. 
FlipJflop  C in  turn  controls  a “write”  circuit  47  which 
is  coupled  to  “write”  head  39,  and  in  this  manner  flip- 
30  flop  C is  effective  for  writing  or  recording  beneath  “write” 
head  39  the  signals  transferred  to  the  flip-flop,  thereby 
completing  a loop  for  recirculation  of  information  signals. 
In  certain  operations  of  the  computer,  flip-flop  B is  in- 
serted within  this  recirculation  loop  between  flip-flops  A 
35  and  C,  so  that  signals  pass  from  flip-flop  A to  flip-flop  B 
before  being  transferred,  reversed  in  value,  to  flip-flop  C. 

As  stated  hereinbefore  the  above-described  “short  chan- 
nel” has  a storage  capacity  of  40  bivalued  signals  or  bits, 
the  total  time  required  for  a bit  to  traverse  the  recircula- 
40  tion  loop  therefore  being  equal  to  40  timing  intervals  as 
demarked  by  clock  pulses  Cl.  In  the  particular  embodi- 
ment of  the  invention  shown  in  FIG.  3 the  spacing  be- 
tween “write”  head  39  and  “read”  head  48  corresponds 
very  nearly  to  40  cell  spaces,  each  signal  therefore  being 
45  delayed  substantially,  the  entire  40  timing  intervals  in 
passing  from  “write”  head  39  to  “read”  head  40,  negligi- 
ble additional  delay  encountered  by  the  signal  as  it  tra- 
verses the  remainder  of  the  “short  channel”  recircula- 
tion loop  through  flip-flops  A and  C.  Figuratively  speak- 
50  ing  flip-flops  A and  C act  as  windows  through  which  the 
respective  contents  of  the  magnetic  cells  passing  beneath 
“read”  head  4®  and  “write”  head  39  are  simultaneously 
displayed  in  electrical  form. 

In  tile  same  manner,  referring  now  to  the  “long  chan- 
55  nel”  which  has  a storage  capacity  of  1600  bits,  the  length 
of  segment  42  extending  from  “write”  head  44  to  “read” 
head  45  is  substantially  1600  cells.  The  recirculation  loop 
for  a single  passing  from  “write”  head  44  to  “read”  head 
45  is  completed  through  a “read”  circuit  48,  flip-flop 
00  L,  flip-flop  M and  finally  through  a “write”  circuit  49 
back  to  “write”  head  44.  Each  signal  passing  from  “write” 
head  44  to  “read”  head  45  is  thus  transferred  by  means 
of  “read”  circuit  48  to  flip-flop  L and  thence  through 
operation  of  gating  matrix  31  to  flip-flop  M which  applies 
05  the  signal  through  write  circuit  49  to  write  head  44  to 
thereby  complete  the  recirculation  loop.  In  each  transfer 
of  a bivalued  signal  from  flip-flop  L to  flip-flop  M,  the 
signal  is  either  transferred  unchanged  or  complemented  in 
value  in  accordance  with  the  values  of  signals  applied  to 
70  gating  matrix  31  by  the  computer  flip-flops.  In  certain  of 
the  operations  of  the  computer  knov/n  as  the  “fill”  opera- 
tions flip-flop  B is  utilized  to  control  gating  matrix  31  so 
that  signals  transferred  between  flip-flops  L and  M are 
effectively  passed  from  L to  B and  thence  to  M. 

75  In  operation  of  the  specific  embodiment  hereinbelow 
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described  of  the  DDA  of  the  present  invention,  the  1600 
cells  of  the  long  channel  are  divided  into  twenty  equal 
‘"integrator  sections,”  each  integrator  section  having  twice 
the  length  of  the  short  channel  and  therefore  comprising 
eighty  consecutive  cells  of  the  long  channel.  In  each  in-  g 
dividual  integrator  section  are  stored  all  of  the  signals 
relating  to  the  operation  of  a single  integrator.  The  na- 
ture of  these  stored  signals  will  be  explained  in  more  de- 
tail hereinbelow.  However  it  will  be  understood  at 
this  time  that  each  integrator  section  includes  signals  rep-  10 
resenting  a pair  of  associated  Y and  R numbers  and 
also  so-called  “dx  decode  signals”  and  “dy  decode  signals” 
which  in  operation  control  the  introduction  of  dz  infor- 
mation into  the  integrator  sections.  The  first  forty  cells, 
denoted  the  “decode  portion,”  of  each  integrator  section  ig 
are  utilized  for  the  storage  of  the  dx  and  dy  decode  sig- 
nals; while  the  remaining  forty  cells,  denoted  the  “inte- 
grate portion,”  of  each  integrator  section  are  utilized  for 
the  storage  of  the  signals  representing  the  associated  pair 
of  Y and  R numbers.  Thus  the  decode  and  integrate  por-  20 
tions  each  have  the  same  length  (forty  cells)  as  the  short 
channel. 

Within  the  forty  cells  of  the  short  channel  are  recorded 
bivalued  signals  representing  the  dz  overflows  arising  from 
the  twenty  integrator  sections.  Since  the  short  channel  25 
has  the  same  length  as  a decode  portion  in  the  long  chan- 
nel, all  of  the  dz  representing  signals  in  the  short  channel 
will  pass  beneath  read  head  40  during  the  time  required 
for  a decode  portion  to  pass  in  the  long  channel  beneath 
read  head  45.  The  short  channel  will  then,  accomplish  30 
another  “turn”  (another  complete  circulation  of  its  stored 
signals)  as  the  succeeding  integrate  portion  passes  be- 
neath the  read  head.  Thus  the  short  channel  “turns”  twice 
during  the  passage  of  an  integrator  section,  turning  once 
for  the  passage  of  a decode  portion  and  turning  again  for  35 
the  passage  of  the  succeeding  integrate  portion. 

To  assist  in  understanding  this  operation,  it  is  helpful 
to  refer  again  to  FIG.  3 and  to  assume  for  purposes  of 
example  that  an  integrator  section  is  just  beginning  to 
travel  past  read  head  45,  the  first  cell  of  the  integrator  40 
section  then  lying  beneath  read  head  45  and  the  signal 
contained  therein  simultaneously  appearing  in  flip-flop  L. 

The  decode  portion  of  the  integrator  section  will  then  ex- 
tend over  a segment  50  of  track  34c  corresponding  in 
length  to  segment  38  of  the  short  channel;  while  the  4g 
succeeding  integrate  portion  would  extend  over  an  im- 
mediately succeeding  equal  length  segment  51  of  track 
34c. 

Referring  now  to  FIG.  4 there  is  shown  a diagram  which 
symbolically  represents  the  contents  of  segments  38,  30  gg 
and  51  for  that  situation  in  which  the  seventh  integrator 
section  of  the  twenty  integrator  sections  is  just  beginning 
to  pass  beneath  read  head  45.  Since  signals  stored  in  the 
serially  appearing  cells  of  the  short  and  long  channels  will 
be  serially  available  in  the  same  order  in  flip-flops  A gg 
and  L respectively,  the  diagram  of  FIG.  4 may  also  be 
thought  of  as  symbolically  displaying  on  a right-to-left 
scale,  the  successive  signals  which  will  be  contained  in 
flip-flops  A and  L during  the  eighty  timing  intervals  re- 
quired for  the  passage  of  the  eighty  cells  of  the  integrator 
section  beneath  read  head  45. 

In  accordance  with  this  time  datum  there  are  also  shown 
in  FIG.  4 one  voltage  waveform  representing  the  clock 
pulses  Cl  which  demark  the  successive  timing  intervals  and 
a pair  of  waveforms  representing  output  signals  produced 
by  flip-flop  T in  response  to  the  application  thereto  of  the 
successive  clock  pulses  Cl.  These  output  signals  produced 
by  flip-flop  T are  designated  signal  T and  signal  T'  re- 
spectively. As  illustrated  in  FIG.  3,  each  clock  pulse 
Cl  is  simultaneously  applied  to  both  input  conductors 
(designated  ST  and  ZT  respectively)  of  flip-flop  T,  this 
having  the  effect  it  will  be  understood  of  reversing  the 
electrical  state  of  flip-flop  T upon  each  appearance  of  a 
clock  pulse  Cl.  Thus  flip-flop  T has  alternate  “0”  and  “1” 
electrical  states  during  successive  timing  intervals.  These  75 
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alternating  electrical  states  of  flip-flop  T are  manifested 
externally  by  the  voltage  levels  of  the  complementary  out- 
put signals  T and  T'  produced  by  flip-flop  T,  signal  T 
having  a high  voltage  level  whenever  flip-flop  T is  in  its 
“1”  state  and  a low  voltage  level  when  flip-flop  T is  in 
its  “0”  state,  while  on  the  other  hand  complementary 
signal  T'  has  respectively  corresponding  low  and  high 
voltage  levels. 

A similar  nomenclature  will  be  adopted  for  designating 
the  pairs  of  complementary  output  signals  produced  re- 
spectively by  the  other  flip-flops  in  the  DDA,  flip-flops 
A,  B and  C for  example  each  producing  a corresponding 
pair  of  complementary  output  signals  A and  A',  B and  B', 
C and  C'  respectively,  each  pair  of  output  signals  indi- 
cating the  state  of  the  associated  flip-flop  in  the  described 
manner.  For  purposes  of  clarity,  all  conductors  will 
be  normally  designated  in  terms  of  the  signals  applied 
over  the  conductors,  the  conductor  for  example  over 
which  signal  T is  applied  being  referred  to  as  conductor 
T.  Moreover  it  will  be  understood  that  each  flip-flop  has 
a pair  of  set  and  zero  input  conductors  designated  the 
S and  Z input  conductors  respectively  and  further  desig- 
nated by  an  alphabetical  postscript  corresponding  to  the 
alphabetical  designation  of  the  flip-flop.  For  example 
ST  and  ZT,  SA  and  ZA,  SB  and  ZB  are  the  pairs  of 
input  conductors  associated  with  flip-flops  T,  A and  B 
respectively  and  the  input  signals  applied  over  these  con- 
ductors are  correspondingly  designated  as  the  signals  ST 
and  ZT,  SA  and  ZA  and  SB  and  ZB  respectively.  As 
described  above  simultaneous  application  of  set  (S)  and 
zero  (Z)  input  signals  to  a flip-flop  has  the  effect  of  re- 
versing the  state  of  the  flip-flop.  Application  of  only 
the  set  (S)  signal  to  the  flip-flop  has  the  effect  of  “setting” 
the  flip-flop  to  its  “1”  state  while  application  of  only  the 
zero  (Z)  signal  to  the  flip-flop  has  the  effect  of  “zeroing” 
the  flip-flop  to  its  “0”  state. 

Returning  again  to  a consideration  of  FIG.  4 it  is  seen 
referring  to  the  short  channel,  that  during  the  first  turn 
of  the  short  channel  the  first  cell  of  the  short  channel  and 
alternate  cells  thereafter  contain  phase  control  marks, 
each  representing  a binary  “0”  while  the  second  cell  and 
consecutively  alternate  cells  thereafter  contain  so-called 
dz  signals  representing  the  +1  or  — 1 dz  overflow  digits 
arising  from  the  twenty  integrator  sections. 

These  dz  signals  will  be  hereinafter  designated  as  dzi, 
dz2  ■ ■ ■ dz2o,  where  the  subscript  number  refers  to  the 
number  of  the  integrator  section  from  which  the  dz  signal 
arises.  As  shown  in  FIG.  4,  during  the  first  turn  of  the 
short  channel  corresponding  to  passage  of  the  decode 
portion  of  integrator  section  7,  <fe5  appears  in  the  second 
cell  of  the  short  channel,  the  successively  thereafter  ap- 
pearing dz  signals  being  dzi,  dz3  . . . dz1  and  then  dz2 0, 
dz19  . . . dz6.  A +1  or  — 1 value  of  a dz  overflow 
digit  arising  from  an  integrator  section  is  represented  by 
a “1”  or  “0”  value  respectively  of  the  corresponding  dz 
signal.  As  will  be  later  explained,  at  the  time  that  in- 
tegrator section  7 begins  its  passage,  the  new  rfz6  signal 
arising  from  the  immediately  preceding  integrator  section 
6,  is  available  in  flip-flop  B,  while  as  shown  in  FIG.  4, 
the  old  dzs  signal  which  must  now  be  replaced,  is  in 
the  last  cell  of  the  short  channel  (first  turn).  In  the 
compute  operations  of  the  present  computer,  during  this 
first  turn  of  the  short  channel,  each  of  the  dz  signals  in 
the  channel  is  delayed  two  timing  intervals  by  storage  in 
flip-flop  B so  that  they  are  precessed  or  shifted  back 
two  cell  spaces  with  respect  to  their  original  positions  as 
they  are  rewritten  in  the  short  channel.  The  new  dz6 
signal  is  inserted  in  the  cell  formerly  occupied  by  dz$ 
and  the  old  dze  signal  is  not  rewritten  and  is  thereby  re- 
moved from  the  short  channel; 

Thus  as  shown  in  FIG.  4 during  the  second  turn  of 
the  short  channel  dz6  (actually  dz6')  appears  in  the  sec- 
ond cell  of  the  short  channel  and  dz7  (actually  dz7') 
appears  in  the  last  cell  of  the  short  channel.  The  dz 
signals  are  not  processed  during  the  second  turn  of  the 
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short  channel  and  therefore  the  appearance  of  the  short 
channel  will  be  unchanged  as  it  begins  its  first  turn 
during  passage  of  the  decode  portion  of  the  succeeding 
eighth  integrator  section  (not  shown) . Thus  during  pas- 
sage of  the  eighth  integrator  section  the  dzx  signal  will  5 
be  appropriately  positioned  for  removal  from  the  short 
channel  (at  a time  when  a new  dzi  will  be  available 
from  integrator  section  7)  in  the  same  manner  that, 
during  passage  of  the  seventh  integrator  section,  the  old 
dzs  signal  was  positioned  for  removal  from  the  short  io 
channel  (at  a time  when  a new  dz^  was  available  from 
integrator  section  6). 

As  illustrated  in  FIG.  4,  the  short  channel  is  syn- 
chronized with  respect  to  flip-flop  T in  such  manner 
that  at  each  appearance  of  a dz  signal  flip-flop  A output  is 
signal  T is  at  a high  “1”  representing  level  while  at 
each  appearance  of  a phase  control  signal  in  flip-flop 
A,  output  signal  T is  at  a low  level  (and  therefore  signal 
T'  is  at  a high  “1”  representing  level).  Because  of  the 
hereinbefore  described  reversal  of  signals  in  transferring 
from  flip-flop  A to  flip-flop  C (and  from  B to  C)  each  of 
the  dz  signals  and  phase  control  marks  is  reversed  in  value 
as  it  is  rewritten  through  flip-flop  C into  the  short  channel. 
Thus  as  illustrated  in  FIG.  4,  during  the  second  turn  of  the 
short  channel,  each  phase  control  mark  appearing  in  flip- 
flop  A has  a binary  “1”  value,  while  each  of  the  dz 
overflow  signals  appearing  in  flip-flop  A are  also  reversed 
in  value  appearing  therefore  during  the  next  turn  of  the 
short  channel  as  complementary  signals  dz' . The  de- 
scribed reversal  of  the  phase  control  marks  at  each  turn 
of  the  short  channel  is  one  of  the  features  of  the  present 
invention.  Because  of  this  described  operation,  the  phase 
control  marks  always  have  a “0”  value  during  the  decode 
portion  of  an  integrator  section  and  have  a “1”  value 
during  the  integrate  portion  of  each  integrator  section. 

The  phase  control  signals  thus  unequivocally  indicate  dur- 
ing computation  whether  the  computer  should  be  in  a 
decode  phase  of  operation  or  an  integrate  phase  of  opera- 
tion. 

For  example,  a decode  phase  of  operation  is  indicated 
at  any  time  T'  (a  timing  interval  during  which  signal  T' 
is  high)  by  the  appearance  of  a “0”  valued  phase  control 
mark  in  flip-flop  A,  while  during  any  time  T a decode 
phase  of  operation  is  indicated  by  the  appearance  of  a “1” 
valued  phase  control  mark  in  flip-flop  C.  (Since  each 
phase  control  mark  is  reversed  in  value  on  being  trans- 
ferred from  flip-flop  A to  flip-flop  C.)  In  the  same 
manner  as  integrate  phase  of  operation  is  indicated  during 
any  time  T'  by  the  appearance  of  a “1”  valued  phase 
control  signal  in  flip-flop  A and  at  any  time  T by  the 
appearance  of  a “0”  valued  phase  control  mark  in  flip-flop 
C.  This  system  for  identification  of  decode  and  integrate 
portions  by  means  of  the  alternately  reversing  values  of 
the  phase  control  marks  allows  considerable  savings  in 
equipment  in  comparison  with  that  required  in  the  prior 
art  to  accomplish  the  same  function. 

Referring  now  to  the  long  channel  and  examining  first 
the  decode  portion  of  integrator  section  7 shown  in  FIG. 

4,  it  is  seen  that  the  first  cell  of  the  decode  portion 
(called  the  fiducial  cell)  is  reserved  for  a so-called  fiducial 
mark,  this  being  a “1”  valued  signal  appearing  in  opera- 
tion in  the  first  cell  of  only  one  of  the  twenty  integrator 
sections.  Excluding  the  last  cell  of  the  decode  portion 
which  is  always  filled  with  a permanent  “0”  valued  mark, 
the  remaining  cells  of  the  decode  portion  are  alternately 
dx  and  dy  decode  cells  which  are  used  for  storing  so- 
called  dx  and  dy  decode  marks,  respectively.  As  shown 
in  FIG.  4 each  decode  cell  is  numbered  so  that  it  bears 
the  same  number  as  the  preceding  dz  signal.  Thus  the 
dy  decode  cell  which  is  preceded  by  dz5  is  designated  dy5 
decode  cell  and  the  following  dx  decode  cell  is  designated 
dx5  decode  cell. 

A dx  decode  mark  is  a “1”  valued  signal  which  con- 
trols the  selection  of  a corresponding  dz  signal  from  the 
short  channel  for  introduction  to  the  integrator  section 


16 

as  a dx  input.  For  example  a dx  decode  mark  in  cell  d. r5 
has  the  effect  of  selecting  the  dzs  signal.  Normally  a dx 
decode  mark  will  be  filled  if  at  all  into  only  one  of  the  dx 
decode  cells. 

A dy  decode  mark  is  a “1”  valued  signal  which  may  be 
selectively  filled  into  one  or  a plurality  of  dy  decode  cells. 
Each  dy  decode  mark  has  the  effect  of  selecting  the  cor- 
responding dz  signal  from  the  short  channel,  these  dz 
signals  being  summed  to  form  a dy  input  to  the  integrator 
section.  The  value  of  such  a sum  is  called  the  summation 
dy  (abbreviated  2 dy).  The  highest  order  digit  of  2 dy 
is  carried  over  to  the  integrator  portion  to  serve  as  a dy 
input  thereto.  The  remaining  lower  digits  of  2 dy  are 
viewed  as  comprising  a so-called  remainder  number,  the 
digits  of  this  remainder  number  being  stored  in  all  but 
the  first  of  those  dx  decode  cells  which  immediately 
follow  dy  decode  marks.  For  example  referring  to  FIG. 
4,  if  dy  decode  marks  had  been  filled  into  the  dy  decode 
cells  5,  4,  2 and  1 then  the  dx  decode  cells  4,  2 and  1 
20  would  be  reserved  for  the  digits  of  the  remainder  number. 
Signals  stored  in  these  cells  of  the  operation  of  the  DDA 
preferably  represent  the  digits  of  the  remainder  number 
(the  lower  digits  of  2 dy)  in  what  is  known  as  “dinary” 
notation.  The  manner  in  which  the  remainder  number  is 
25  represented  by  bivalued  signals  in  the  dinary  notation 
will  be  described  at  a later  point  in  this  specification. 

Referring  next  to  the  integrate  portion  of  the  integrator 
section  shown  in  FIG.  4,  it  is  seen  that  the  first  cell  of 
the  integrate  portion  is  reserved  for  so-called  “sign  re- 
30  versal  mark,”  a “1”  valued  signal  which  may  be  selec- 
tively filled  into  this  cell.  The  second  cell  of  the  integrate 
portion  always  contains  a “0”  mark  and  additional  “0” 
marks  may  be  filled  into  succeeding  cells  to  thereby  estab- 
lish the  digit  length  of  the  Y and  R numbers  which  are 
35  stored  in  the  integrate  portion.  In  the  cell  following  the 
last  of  such  “0”  marks,  a so-called  “exchange  mark”  may 
be  selectively  filled.  In  the  cell  following  the  exchange 
mark  there  may  be  filled  a so-called  “integrate  mark,” 
a “1”  valued  signal  which  is  provided  to  indicate  that  the 
40  remaining  cells  of  the  integrate  portion  will  contain  sig- 
nals representing  the  digits  of  the  Y and  R numbers  asso- 
ciated with  the  integrator  section.  Thus  as  shown  in  FIG. 
4,  the  remaining  cells  of  the  integrate  portion  are  filled 
with  alternate  y signals  and  r signals  designed  yx, 
45  72  • • • 7n,  7n+i  and  rx,  r2  . . . rn>  rn+1  respectively,  the 
y signals  representing  the  associated  Y number  and  r 
signals  representing  the  associated  R number  of  the  in- 
tegrator section.  Insofar  as  the  r signals  are  concerned, 
the  successive  signals  ;‘i  . . . rn+i  represent  the  succes- 
50  sive  digits  in  ordinary  binary  notation  of  the  R number. 
The  signal  rx  for  example,  is  a “1”  or  “0”  signal  repre- 
senting 1.2~n  or  0.2-n  respectively. 

In  operation  of  the  computer  of  the  present  invention, 
the  Y number  is  not  represented,  however,  in  conven- 
oo  tional  binary  notation,  but  is  represented  in  so-called  dif- 
ference notation,  the  signals  yx  ■ . . yn  thereby  indicating 
the  successive  digits  of  the  Y number  in  this  difference 
notation  and  the  signal  yn+i  indicating  the  sign  digit  of 
the  Y number  in  this  notation.  The  nature  of  the  differ- 
60  ence  notation  will  be  explained  at  a later  point  in  this 
specification,  it  being  sufficient  at  this  point  to  state  that 
the  Y numbers  are  initially  filled  and  thereafter  generated 
in  this  notation. 

It  will  be  understood  that  to  place  the  DDA  in  opera- 
65  tion  for  solution  of  a new  problem  it  is  necessary  to  fill 
into  each  integrator  section  y and  r signals  correspond- 
ing to  desired  initial  values  of  the  Y and  R numbers  for 
that  integrator  section  and  also  to  fill  appropriate  signals 
{dx  decode  marks,  dy  decode  marks  and  possibly  signals 
70  representing  initial  values  of  the  remainder  number  of 
2 dy)  into  the  dx  and  dy  decode  cells. 

Since  facilities  must  be  provided  for  filling  signals  into 
the  dx  and  dy  decode  cells  and  for  filling  y and  r signals 
into  each  integrator  section,  the  same  facilities  are  utilized 
75  for  filling  the  remaining  cells  of  each  integrator  section 
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with  appropriate  marks,  as  shown  in  FIG.  4.  In  addition 
phase  control  marks  and  initial  values  of  the  dz  signals 
must  be  filled  into  the  cells  of  the  short  channel.  All  of 
these  filling  operations  may  be  performed  by  an  operator 
through  utilization  of  the  control  switches  provided  on 
switch  panel  32  shown  in  FIG.  3. 

General  Description  of  “Fill”  Operations 

The  first  steps  ordinarily  performed  by  an  operator  in 
placing  the  computer  into  operation  for  the  solution  of 
a new  problem,  is  to  switch  on  a power  switch  55  thereby 
supplying  electrical  power  to  the  computer,  and  then  to 
place  a two-position  fill-compute  lever  switch  56  at  its 
upper  or  fill  position  as  shown  in  FIG.  3.  Lever  switch 
56  is  always  placed  in  its  fill  position  when  filling  opera- 
tions are  to  be  performed  and  placed  at  its  lower  or  com- 
pute position  immediately  before  compute  operations  are 
to  be  begun. 

Next  a pushbutton  type  clear  switch  57  is  depressed, 
this  having  the  effect  of  setting  each  of  the  computer  flip- 
flops  to  its  “0”  state  and  also  of  erasing  all  signals  re- 
corded in  the  long  and  short  channels,  thereby  effectively 
removing  from  the  computer  all  old  information  remain- 
ing in  the  computer  from  previous  problems.  The  push- 
button of  clear  switch  57  is  spring  loaded  to  rise  as  the 
operators  hand  is  removed  from  it,  and  during  this  re- 
turn stroke  or  “up”  stroke  of  clear  switch  57  the  phase 
control  marks  and  initial  “0”  values  of  the  dz  signals  are 
recorded  in  the  short  channel.  In  addition  a single  fidu- 
cial mark  is  recorded  in  the  long  channel.  This  record- 
ing of  the  phase  control  marks  and  the  fiducial  mark  is 
called  the  “mark”  operation.  The  phase  control  marks 
thereafter  serve  to  indicate  the  boundaries  of  the  decode 
and  integrate  portions  of  each  integrator  section  while 
the  fiducial  mark  serves  as  a reference  signal  which  iden- 
tifies the  particular  integrator  section  in  which  the  fiducial 
mark  has  been  recorded  and  thereby  allows  operations 
to  be  performed  which  only  pertain  to  that  integrator 
section. 

After  a fiducial  mark  has  been  inserted  in  an  integrator 
section  through  operation  of  clear  switch  57,  the  remain- 
ing cells  of  that  integrator  section  may  be  selectively  filled 
with  “0”  and  “1”  signals  through  utilization  of  a switch 
58  and  a switch  59  which  are  normally  spring  loaded  to 
an  up  position.  The  functions  of  these  switches  are  de- 
pendent upon  the  position  of  the  fill-compute  switch  56, 
switches  58  and  59  having  functions  denoted  “zero”  and 
“one”  respectively  when  switch  56  is  at  its  fill  position  and 
having  functions  denoted  as  “start”  and  “stop”  respectively 
when  switch  56  is  at  its  compute  position. 

When  switch  56  is  at  its  fill  position  as  shown  in  FIG. 
3,  depression  of  switch  58  or  switch  59  causes  a “0”  or 
“1”  signal  respectively  to  be  filled  into  the  second  cell  of 
the  integrator  section  (this  being  the  cell  immediately 
following  the  fiducial  mark).  Upon  the  next  operation 
of  one  of  the  lever  switches  58  or  59  the  previously  re- 
corded signal  is  shifted  from  the  second  cell  to  the  third 
cell  of  the  integrator  section  and  a new  “0”  or  “1”  signal 
is  recorded  in  the  second  cell.  In  the  same  manner  at 
each  successive  depression  of  a lever  switch  58  or  59 
previously  recorded  signals  are  shifted  back  one  cell  and 
a new  “0”  or  “1”  signal  is  recorded  in  the  second  cell  of 
the  integrator  section.  Thus  in  the  filling  of  an  integrator 
section  after  79  selective  operations  of  the  lever  switches 
58  or  59  all  of  the  cells  of  the  integrator  section  will 
have  been  filled  with  desired  “0”  or  “1”  signals. 

Another  spring  loaded  lever  switch  60  is  provided, 
which  is  sometimes  utilized  during  the  filling  of  an  in- 
tegrator section  to  accomplish  what  is  called  “spacing”  of 
the  signals  recorded  in  an  integrator  section.  Each  de- 
pression of  switch  60  causes  all  signals  (with  the  excep- 
tion of  'the  fiducial  mark)  recorded  in  the  integrator  sec- 
tion to  shift  back  one  cell.  The  signal  recorded  in  the 
last  cell  is  not  lost  but  is  brought  forward  and  placed  in 
the  second  cell.  Successive  depressions  of  switch  60  thus 
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causes  what  might  be  described  as  a circular  precession 
or  movement  of  the  signals  recorded  in  the  channel,  each 
signal  moving  stepwise  backwards  towards  the  last  cell 
of  the  integrator  section  and  from  there  being  transferred 
5 to  the  second  cell  from  whence  it  may  again  be  shifted 
backwards  until  it  reaches  its  appropriate  position.  This 
“space”  operation  is  commonly  utilized  when  it  is  neces- 
sary to  correct  errors  made  in  filling  an  integrator  section. 

Suppose  for  example,  that  after  an  integrator  section 
10  has  been  filled,  it  was  discovered  that  by  error  signal  y5, 
for  example,  had  been  recorded  as  a “1”  signal  when  it 
should  properly  have  been  recorded  as  a “0”  signal.  To 
remedy  this  error,  switch  60  would  be  successively  de- 
pressed to  space  the  recorded  signals  until  the  incorrect 
15  signal  ys  appears  in  the  last  cell  of  the  integrator  section. 
Then  switch  58  would  be  depressed  once,  this  having  its 
normal  effect  of  shifting  all  signals  back  one  cell  and  of 
recording  a “0”  signal  in  the  second  cell  of  the  integrator. 
In  this  manner  the  incorrect  “1”  valued  y5  signal  is  re- 
20  placed  in  the  signal  sequence  by  a correct  “0”  valued 
signal.  Thereafter  successive  operations  of  switch  60  are 
again  used  to  space  the  recorded  signals  until  the  signals 
have  been  returned  to  their  proper  cells  in  the  integrator 
section. 

25  It  will  be  understood  that  switch  60  accomplishes  the 
described  “space”  function  only  when  fill-compute  switch 
56  is  at  its  fill  position.  Switch  60  as  described  herein- 
below  has  a different  “once”  function  when  switch  56  is 
at  its  compute  position. 

30  After  one  integrator  section  (that  integrator  section 
containing  the  recorded  fiducial  mark)  has  been  com- 
pletely filled  in  the  above-described  manner,  through 
operation  of  a “step”  switch  62,  the  fiducial  mark  is 
shifted  or  “stepped”  to  the  succeeding  integrator  section 
35  which  may  then  be  filled  in  the  same  manner.  As  illus- 
trated in  FIG.  3,  switch  62  is  a lever  type  switch  nor- 
mally spring-loaded  to  an  up  position.  Each  depression 
of  switch  62  causes  the  fiducial  mark  to  be  transferred 
from  the  first  cell  of  the  integrator  section  in  which  it  is 
40  recorded  to  the  first  cell  of  the  succeeding  integrator  sec- 
tion thereby  identifying  this  succeeding  integrator  section 
for  purposes  of  filling  the  remaining  cells  of  the  section 
with  desired  “1”  and  “0”  signals. 

As  shown  in  FIG.  3,  immediately  above  switch  62, 
45  there  is  provided  on  switch  panel  32,  a window  63  through 
which  may  be  seen  a disk  64  (indicated  in  FIG.  3 by 
dotted  lines)  which  has  the  numbers  1,  2,  ...  20  printed 
in  order  thereon  corresponding  to  the  designations  of  the 
twenty  integrator  sections.  Step  switch  62  is  coupled  to 
50  disk  64  and  is  effective  at  each  depression  thereof  for 
rotating  disk  64  so  as  to  display  the  next  successive  num- 
ber. Thus  if  disk  64  is  initially  positioned  so  as  to  dis- 
play the  number  1 while  the  first  integrator  section  is  being 
filled,  depression  of  step  switch  62  will  advance  disk  64 
55  to  display  the  number  2 at  the  same  time  the  fiducial  mark 
is  shifted  to  the  second  integrator  section.  In  this  man- 
ner the  number  appearing  at  window  63  always  identifies 
the  integrator  section  presently  containing  the  fiducial 
mark. 

60  After  all  integrator  sections  have  been  filled  in  the  de- 
scribed manner,  a computation  may  be  initiated.  As  a 
preliminary  to  initiating  computation  fill-compute  switch 
56  is  placed  at  its  compute  position,  this  causing  switches 
58,  59  and  60  to  become  inactivated  for  the  control  of  the 
65  “zero,”  “one”  and  “space”  operations  (associated  with  fill- 
ing of  integrator  sections)  and  to  become  operable  instead 
for  the  control  of  so-called  “start”  and  “once”  operations 
respectively  (associated  with  the  performance  of  computa- 
tion by  the  DDA) . Thereafter,  an  operator  may  initiate 
70  or  “start”  computation  by  depressing  switch  58  and  may 
suspend  or  “stop”  computation  at  any  time  by  depressing 
switch  59.  During  a complete  computation,  the  long 
channel  may  “turn”  hundreds  or  thousands  of  times. 

During  each  turn  of  the  long  channel,  each  of  the 
75  twenty  integrator  sections  contained  in  the  long  channel 
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will  be  processed,  each  pair  of  Y and  R numbers  being 
advanced  in  value  in  accordance  with  received  dz  signals. 
The  totality  of  those  computational  operations  performed 
during  a single  turn  of  the  long  channel  is  defined  as  a 
“unit  computation.”  An  extended  computation  is  made 
up  of  hundreds  or  thousands  of  such  unit  computations 
successively  performed  at  very  high  speeds.  If  desired 
however,  whenever  computation  is  suspended  (as  by  de- 
pressing sv/itch  59),  the  performance  of  a single  addi- 
tional unit  computation  may  be  ordered  by  depressing 
switch  69,  this  performance  of  a single  unit  computation 
being  known  as  the  “once”  operation.  Each  depression 
of  switch  60  causes  an  additional  unit  computation  to  be 
performed. 

The  “once”  operation  is  particularly  useful  for  check- 
ing purposes  and  also  for  use  in  introducing  abrupt 
changes  in  the  value  of  a Y number  when  it  reaches  a 
predetermined  value  during  the  course  of  computation. 
To  accomplish  such  an  abrupt  change,  computation  is 
stopped  at  a time  when  the  Y number  has  slightly  less 
than  the  predetermined  value.  Then  the  “once”  opera- 
tion may  be  successively  ordered  until  exactly  the  pre- 
determined value  is  attained.  Then  after  raising  switch 
56  to  its  fill  position,  the  Y number  (and  any  other  num- 
bers if  desired)  may  be  altered  or  rewritten  by  means  of 
the  “zero”  and  “space”  operation.  Finally,  after  return- 
ing switch  56  to  its  compute  position,  computation  may 
be  again  initiated. 

It  should  be  noted  that  an  upper  window  66  and  a lower 
window  67  are  provided  on  switch  panel  32,  through 
which  may  be  seen  upper  and  lower  portions  of  the  view- 
ing face  of  a cathode  ray  tube  68  (shown  in  FIG.  3 in 
dotted  outline).  During  fill  operations  signals  represent- 
ing the  contents  of  the  integrate  and  decode  portions  of 
the  integrator  section  being  filled  (that  section  containing 
the.  fiducial  mark)  are  displayed  in  upper  window  66  and 
lower  window  67  respectively.  During  compute  opera- 
tions signals  representing  the  R and  Y numbers  respec- 
tively of  the  integrate  section  containing  the  fiducial  mark 
are  displayed  in  windows  66  and  67.  By  observing  these 
signals  an  operator  is  enabled  during  fill  to  monitor  the 
recording  of  signals  into  the  cells  of  the  long  channel  and 
during  compute  to  observe  the  Y and  R numbers  stored 
in  the  integrator  section  containing  the  fiducial  mark. 

General  Description  of  “Compute”  Operations 

Facilities  are  provided  in  the  DDA  to  supply  certain  of 
the  dz  signals  to  external  output  units  and  also  to  accept 
input  signals  provided  by  external  input  units  and  to  uti- 
lize them  as  dz  signals.  In  a particular  embodiment  of 
the  invention  hereinbelow  described,  the  DDA  can  accept 
two  input  signals  (designated  Input 1 and  Input 2 as  shown 
in  FIG.  3)  at  each  turn  of  the  long  channel  or  supply 
two  output  signals  (designated  Output!  and  Output 2 as 
shown  in  FIG.  3 ) or  can  accept  one  input  signal  and  sup- 
ply one  output  signal.  When  the  DDA  is  supplying  two 
dz  signals  to  external  output  units  (such  as  graph  plotters 
for  example),  these  dz  signals  are  those  arising  from  the 
two  integrator  sections  immediately  preceding  the  fiducial 
mark.  When  the  DDA  is  accepting  two  input  signals 
from  external  inputs  (such  as  curve  followers)  such  input 
signals  are  utilized  as  though  they  were  dz  signals  arising 
from  the  same  two  integrator  sections,  these  input  signals 
being  immediately  recorded  in  the  corresponding  cells  of 
the  short  channel  so  that  they  can  be  received  by  other 
integrator  sections. 

When  the  DDA  is  supplying  one  output  signal  and  re- 
ceiving one  input  signal,  either  of  the  two  integrator 
sections  selectively  may  supply  the  output  dz  signal,  while 
the  input  signal  will  be  utilized  as  though  it  were  the  dz 
signal  arising  from  the  other  integrator  section.  If  de- 
sired, facilities  may  readily  be  provided,  as  will  herein- 
after appear,  for  expanding  the . operations  of  the  DDA 
to  receive  additional  input  signals  and  supply  additional 
output  signals. 
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As  stated  before,  after  computation  is  initiated,  during 
each  turn  of  the  long  channel  (during  each  unit  computa- 
tion) each  of  the  twenty  integrator  sections  contained  in 
the  long  channel  is  processed,  each  pair  of  Y and  R num- 
5 bers  being  advanced  in  value  in  accordance  with  dz  signals 
received  (via  the  short  channel)  from  other  integrator 
sections  or  from  a graph  follower  or  other  input  device. 
All  operations  relating  to  a particular  integrator  section 
are  performed  while  that  integrator  section  is  traversing 
10  beneath  read  head  45  shown  in  FIG.  3. 

During  passage  of  the  decode  portion  of  an  integrator 
section  (such  as  integrator  section  7 shown  in  FIG.  4)  a 
decode  or  selection  operation  is  performed  which  is  con- 
trolled by  the  dx  and  dy  decode  marks  which  were  filled 
15  into  the  integrator  section.  During  this  decode  operation 
one  dz  signal  is  selected  from  the  short  channel,  by  means 
of  a corresponding  dx  decode  signal  and  is  stored  in  flip- 
flop  P for  introduction  to  the  integrator  section  as  a dx 
input  signal.  In  addition  either  one  or  a plurality  of  dz 
20  signals  are  selected  from  the  short  channel  by  means  of  a 
corresponding  dy  decode  mark  or  marks.  If  only  a single 
dy  decode  mark  was  filled  into  the  integrator  section, 
then  a single  corresponding  dz  signal  will  be  selected  from 
the  short  channel  and  will  be  stored  in  flip-flop  Q for 
25  introduction  to  the  integrator  section  as  the  dy  input 
signal. 

For  example,  if  a dy$  signal  has  been  filled  into  the  in- 
tegrator section  it  will  have  the  effect  of  selecting  the  <fe5 
signal  for  introduction  to  the  integrator  section.  How- 
30  ever  if  a plurality  of  dy  decode  marks  are  filled  into  the 
integrator  section,  each  of  them  selects  a corresponding 
dz  signal,  all  of  the  thus  selected  dz  signals  are  summed 
in  succession  to  form  the  2dy  number.  As  each  digit  is 
formed,  it  is  stored  (in  dinary  form)  in  the  dx  decode 
35  cell  reserved  for  it  while  the  carry  resulting,  from  the  for- 
mation of  that  digit  is  stored  in  flip-flop  Q to  be  utilized 
in  forming  the  next  digit  of  2 dy.  Thus  as  each  succes- 
sive digit  of  2dy  is  formed  and  stored  in  its  dx  decode  cell,, 
the  corresponding  carry  digits  are  successively  held  in 
40  flip-flop  Q.  At  the  completion  of  the  process  the  carry 
resulting  from  the  formation  of  the  last  digit  of  2 dy  (thus 
corresponding  to  the  highest  order  digit  of  Sdy)  is  in  Q 
and  serves  as  the  dy  input  signal.  The  remaining  or  lower 
order  digits  of  the  2 dy  number  are  stored  in  the  drum 
45  and  are  designated  as  the  2 dy  remainder  number.  Thus 
upon  completion  of  passage  of  the  decode  portion  of  an 
integrator  section,  the  dx  input  signal  is  available  in  flip- 
flop  P and  the  dy  input  signal  is  available  in  flip-flop  Q. 

The  “1”  and  “0”  values  of  the  dx  signal  signify  the 
50  mathematical  values  +1  and  — 1 respectively,  while  the 
“1”  and  “0”  values  of  the  dy  input  signal  represent  the 
mathematical  value  +lx2-n  or  — lX2-n.  Thus  the  dy 
input  signal  has  the  same  weight  as  the  j’j  signal. 

During  passage  of  the  following  integrate  portion  of 
55  the  integrator  section  the  presence  of  a sign  reversal 
mark  will  have  the  effect  of  reversing  the  state  of  flip- 
flop  P and  therefore  reversing  the  sign  of  the  dx  signal. 
If  an  exchange  mark  is  provided,  it  will  have  the  effect 
in  further  operations  of  effectively  exchanging  the  dx  sig- 
00  nal  and  the  dy  signal  (thereby  permitting  the  effective  dx 
signal  to  be  formed  by  summation  of  a plurality  of  dz 
signals) . The  appearance  of  the  following  integrate  mark 
will  have  the  effect  of  initiating  the  performance  of  mathe- 
matical operations  upon  the  Y and  R numbers  stored  in 
65  the  integrator  section. 

Upon  such  appearance  of  the  integrate  mark  (in  flip- 
flop  L)  a correction  signal  K is  formed  in  accordance 
with  the  dx  and  dy  signals  and  is  stored  in  flip-flop  B. 
During  the  ensuing  operations,  the  Y number  stored  in 
70  the  integrator  section  (now  called  the  “old”  Y number) 
is  increased  by  the  value  of  the  dy  input  signal  to  form 
a “new”  Y number  whose  digits  are  stored  in  the  same 
cells  formerly  occupied,  by  the  digits  of  the  “old”  Y num- 
ber. This  operation  is  performed  by  selectively  reversing 
75  the  signals  yi  . . . yn+1  or  leaving  them  unchanged  as 
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they  are  transferred  from  flip-flop  L to  flip-flop  M in 
their  normal  recirculation. 

Moreover  during  the  same  operations  the  value  of  the 
correction  signal  K is  added  to  the  R number  stored  in 
the  integrator  section  (now  called  the  old  R number) 
and  in  addition  the  value  of  the  old  Y number  is  added 
to  or  subtracted  from  the  old  R number  in  accordance 
with  the  +1  or  —1  value  of  the  dx  signal  to  thereby 
form  a “new”  R number  whose  digits  are  rewritten  in 
the  same  cells  formerly  occupied  by  the  digits  of  the 
old  R number.  Writing  of  the  new  R number  is  accom- 
plished by  selective  reversal  or  non-reversal  of  the  signals 
rj  . . . rn+1  as  they  are  transferred  from  flip-flop  L to 
flip-flop  M in  their  normal  recirculation  through  the  long 
channel.  The  value  of  the  new  R number  thus  formed  is 
defined  by  the  following  equation: 

Rnev=Ro  Id +Y, 0id dx +-K 

The  effect  of  adding  K in  forming  the  new  R number 
is  to  incorporate  so-called  “round-off,”  “trapexoidal”  and 
“subtraction”  corrections  in  the  newly  formed  R number. 
As  a result  of  the  incorporation  of  these  corrections 
growth  of  error  during  the  course  of  computation  is  great- 
ly decreased. 

As  each  successive  r signal  of  the  new  R number  is 
formed  in  flip-flop  M,  a corresponding  carry  signal  is 
formed  which  represents  a carry  digit  arising  from  the 
formation  of  the  new  r signal,  each  carry  signal  as  it  is 
formed  being  placed  in  flip-flop  B and  being  replaced 
there  by  the  next  carry  signal  as  successive  r signals  are 
formed.  The  carry  signal  arising  from  the  formation 
of  signal  rn+1  (the  last  signal  of  the  R number  which  is 
stored  in  the  last  cell  of  the  integrator  section)  is  the  dz 
signal  arising  from  the  integrator  section.  Since  it  is 
placed  in  the  B flip-flop,  this  dz  signal  will  toe  available 
there  when  the  succeeding  integrator  section  begins  its 
traverse  and  will  be  as  hereinbefore  described,  transferred 
from  the  B flip-flop  to  the  second  cell  of  the  short  channel 
during  the  traverse  of  the  succeeding  integrator  section. 
In  this  manner  the  dz  signal  produced  by  the  integrator 
section  is  unloaded  via  flip-flop  B into  the  short  channel 
where  it  may  be  “picked  up”  or  selected  by  other  inte- 
grator sections  by  means  of  the  dx  and  dy  decode  marks 
filled  into  the  integrator  sections. 

To  briefly  summarize:  during  a traverse  of  an  integrator 
section  one  dz  signal  may  be  selected  from  the  short 
channel  by  the  dx  decode  mark  to  serve  as  a dx  input 
signal  to  the  integrator  section.  One  or  a plurality  of  dz 
signals  may  toe  selected  from  the  short  channel  by  the  dy 
decode  marks  for  use  in  forming  the  dy  input  signal. 
If  only  one  dz  signal  is  selected,  it  serves  as  the  dy  input 
signal.  If  a plurality  of  dz  signals  are  so  selected  they 
are  summed  to  form  a 2 dy  number  whose  lower  order 
digits  are  stored  in  the  long  channel  for  use  in  modifying 
later  summations  while  the  highest  order  digit  of  the  2 dy 
number  is  utilized  as  the  dy  input  signal. 

The  dx  and  dy  input  signals  thus  formed  are  utilized 
to  control  the  formation  of  new  R and  Y numbers.  The 
final  carry  resulting  from  the  formation  of  the  new  R 
number  is  the  new  dz  signal  arising  from  this  integrator 
section  and  is  unloaded  into  the  short  channel  as  the 
succeeding  integrator  section  begins  its  passage,  while 
shortly  thereafter  as  hereinbefore  explained,  the  old  dz 
signal  is  erased  from  the  short  channel. 

Automatic  Stop 

Facilities  are  provided  in  the  DDA  for  automatically 
stopping  computation  whenever  -a  Y number  in  any  of 
the  integrator  sections  (exceeds  +2  or  is  less  than  zero) 
and  therefore  cannot  be  represented  in  the  machine.  It 
will  be  recognized  that  after  an  overflow  of  a Y number 
that  number  will  toe  in  error  and  further  computation 
based  upon  this  erroneous  value  of  the  Y number  would 
also  be  in  error.  Thus  the  provision  of  an  automatic 
stop  upon  occurrence  of  overflow  prevents  the  propaga- 


22 

tion  of  error  into  other  Y and  R numbers.  The  automatic 
stop  feature  may  also  be  deliberately  utilized  by  an  op- 
erator to  stop  operation  at  a predetermined  point  in  the 
course  of  a computation,  all  Y numbers  involved  in  the 
computation  being  scaled  so  that  one  of  the  Y numbers 
will  overflow  at  the  predetermined  point  in  the  computa- 
tion. 

Idle  and  Dawdle  Conditions 

It  should  be  understood  that  when  computation  is 
stopped,  either  automatically  or  through  manual  opera- 
tions of  switch  59,  the  DDA  is  forced  into  a phase  of 
operation  known  as  “idle”  in  which  the  signals  stored 
in  the  long  and  short  channels  are  merely  continuously 
recirculated  without  any  operations  being  performed  upon 
the  signals.  In  the  “idle”  phase  of  operation  therefore, 
referring  to  the  long  channel  each  signal  arriving  in  read 
flip-flop  L is  transferred  unchanged  to  write  flip-flop  M. 
Referring  to  the  short  channel,  during  “idle”  each  signal 
arriving  in  read  flip-flop  A is  transferred  uniformly  com- 
plemented in  value  to  write  flip-flop  C.  The  “idle”  con- 
dition exists  and  is  in  fact  enforced  upon  the  DDA  when- 
ever flip-flop  Q is  in  its  “1”  state  and  flip-flop  I is  simul- 
taneously in  its  “0”  state.  The  “idle”  condition  is  there- 
fore indicated  by  the  simultaneous  appearance  of  signals 
Q and  I'  both  at  their  “1”  representing  levels  (QJ')  while 
the  absence  of  the  “idle”  condition  is  indicated  whenever 
signal  Q'  or  signal  J is  high  (Q'+J). 

The  DDA  may  also  enter  a temporary  idle  condition 
which  is  called  “dawdle”.  The  “dawdle”  condition  can 
only  exist  when  fill-compute  switch  56  is  at  its  fill  posi- 
tion and  then  is  enforced  upon  the  DDA  whenever  flip- 
flops  Q and  I are  simultaneously  in  their  “1”  state  as 
indicated  by  the  simultaneous  appearance  of  signals  Q 
and  J at  their  high  levels  (Q-J). 

The  output  signals  I and  I'  produced  by  flip-flop  I are 
utilized  very  extensively  in  the  operation  of  the  DDA, 
primarily  for  identifying  certain  portions  of  each  inte- 
grator section.  It  is  therefore  desirable  for  purposes 
of  explaining  the  functioning  of  the  DDA  to  provide 
some  preliminary  information  concerning  operation  of 
the  I flip-flop.  It  will  be  shown  that  during  each  passage 
of  an  integrator  section  flip-flop  I is  always  sent  to  its  “0” 
state  immediately  after  passage  of  the  second  cell  of  the 
decode  portion  of  the  integrator  section.  If  fill-compute 
switch  56  is  at  its  fill  position  or  if  the  DDA  is  in  an  “idle” 
condition,  flip-flop  I will  be  returned  to  its  “1”  state  im- 
mediately after  passage  of  the  first  cell  of  the  integrator 
portion.  However  if  this  condition  does  not  exist  (if 
switch  56  is  at  its  compute  position  and  it  is  “not  idle”) 
then  flip-flop  I will  be  returned  to  its  “1”  state  only  upon 
the  appearance  of  the  integrate  mark  in  flip-flop  M.  For 
purposes  of  illustration  a waveform  of  output  signal  I 
is  shown  in  FIG.  5 as  it  would  appear  during  computa- 
tion for  passage  of  integrator  section  7 shown  in  FIG.  4 
(assuming  that  an  integrate  mark  has  been  filled  into  the 
section).  A dotted  fine  70  indicates  the  variation  in  this 
waveform  which  would  toe  present  when  the  DDA  is  in 
its  “idle”  condition  or  switoh  56  is  at  its  fill  position. 

Detailed  Description  of  Structure  and  Operation 

Virtually  all  of  the  operations  of  the  DDA  have  now 
been  described  with  varying  particularly  in  the  general 
description  of  operation  provided  in  the  preceding  por- 
tions of  this  specification.  All  of  the  above-described 
operations  of  the  DDA  will  now  be  reviewed  in  great 
detail  both  to  further  clarify  the  nature  of  the  operations 
performed  and  to  fully  disclose  the  electrical  circuits  and 
apparatus  which  are  utilized  in  a preferred  embodiment 
of  the  invention  to  mechanize  these  operations.  Basically 
in  the  preferred  embodiment  of  the  DDA  all  operational 
processes  are  carried  on  by  successive  changes  in  the 
states  of  the  computer  flip-flops. 

At  the  end  of  each  timing  interval  (as  demarked  by 
the  appearance  of  a clock  pulse  Cl)  each  computer  flip- 
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flop  is  either  “set”  (sent  to  its  “1”  state  by  application 
of  input  signals  to  its  “set”  (S)  input  conductor)  or 
“zeroed”  (sent  to  its  “0”  state  by  application  of  input 
signals  to  its  zero  (Z)  input  conductor)  or  is  “triggered” 
(reversed  in  state  by  simultaneous  application  of  input 
signals  to  both  its  S and  Z conductors).  Flip-flops  A 
and  L are  “set”  or  zeroed  in  accordance  with  the  binary 
“1”  or  “0”  value  of  the  magnetic  signals,  then  traversing 
past  read  heads  40  and  45  respectively.  Flip-flop  T is 
regularly  “triggered”  by  application  of  clock  pulses  Cl  to 
both  its  ST  and  ZT  input  conductors.  The  remaining 
flip-flops  B,  C,  Q,  M,  J,  I and  P are  “set,”  “zeroed”  or 
“triggered”  in  accordance  with  the  states  of  other  com- 
puter flip-flops  and  positions  of  the  front  panel  switches 
during  the  preceding  timing  interval. 

To  accomplish  the  described  operations,  during  each 
timing  interval  all  of  the  output  signals  produced  by  the 
computer  flip-flops  are  applied  to  gating  matrix  31. 
These  output  signals  as  hereinbefore  described  repre- 
sent the  states  of  the  flip-flops  during  the  timing  interval. 
In  addition,  switch  signals  arising  from  the  switching  pro- 
vided on  panel  32  are  applied  to  gating  matrix  31,  and 
also  input  signals  arising  from  external  sources  (such  as 
curve  followers  for  example)  may  be  applied  to  gating 
matrix  31.  Gating  matrix  31  is  responsive  to  the  signals 
applied  during  a timing  interval  and  to  the  application 
of  a clock  pulse  Cl  for  selectively  applying  electrical 
pulses  to  the  “set”  and  “zero”  input  terminals  of  each  of 
the  flip-flops.  For  example,  at  the  end  of  each  timing 
interval,  gating  matrix  31  may  apply  an  SC  input  pulse 
to  the  SC  input  conductor  of  flip-flop  C or  a ZC  input 
pulse  to  the  ZC  input  conductor  of  flip-flop  C or  may 
apply  input  pulses  to  both  input  conductors  simultane- 
ously. 

It  will  be  shown  that  gating  matrix  31  comprises  a plu- 
rality of  gating  networks,  each  gating  network  receiving 
some  of  the  signals  applied  to  the  gating  matrix  and 
combining  these  signals  to  form  one  of  the  output  sig- 
nals produced  by  the  gating  matrix.  Thus  gating  matrix 
31  includes  a gating  network  for  producing  the  SC  sig- 
nal, another  gating  network  for  producing  the  ZC  signal 
and  so  forth,  there  being  one  gating  network  respectively 
for  each  of  the  output  signals  produced  by  the  gating 
matrix.  Each  of  the  gating  networks  will  ordinarily  in- 
clude a plurality  of  logical  “and”  gates  and  “or”  gates 
arranged  to  combine  applied  signals  in  accordance  with 
an  associated  Boolean  logical  equation  to  produce  a de- 
sired resultant  output  signal.  As  is  well  known  in  the 
art,  the  Boolean  logical  equation  associated  with  a gat- 
ing network  fully  defines  the  output  signal  produced  by 
the  network  in  terms  of  the  input  signals  received  by  the 
network  and  in  addition  supplies  a complete  description 
of  the  structure  of  the  gating  network. 

For  example,  referring  now  to  FIG.  6a,  there  are  illus- 
trated two  gating  networks  101  and  102  which  form  out- 
put signals  SC  and  ZC  respectively,  these  signals,  as 
illustrated  in  both  FIGS.  3 and  6a,  being  applied  to  flip- 
flop  C to  respectively  set  and  zero  the  flip-flop.  In  refer- 
ence to  their  functions,  gating  network  101  will  be  re- 
ferred to  as  the  “Set  C Gating  Network”  and  gating  net- 
work 102  will  be  sometimes  referred  to  as  the  “Zero  C 
Gating  Network.”  Other  gating  networks  will  similarly 
be  designated  in  terms  of  the  output  signals  they  produce. 

As  shown  in  FIG.  6a,  set  C gating  network  101  in- 
cludes a conventional  diode  “and”  gate  83  which  receives 
signal  A'  and  a signal  Klup  (a  high  level  signal  generated 
by  clear  switch  57  in  its  up  position)  and  combines  these 
signals  to  produce  a bilevel  output  signal  A'Klup  which 
has  a high  level  only  when  both  signals  A'  and  Klup  are 
at  their  high  levels.  The  expression  A'Klup  thus  sym- 
bolizes the  performance  of  the  logical  “and”  operation. 
The  signals  A'Klup  is  applied  to  one  input  of  a second 
“and”  gate  84, "Symbolically  represented  as  a semicircle 
containing  a dot  (.),  which  also  receives  clock  pulse 
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signal  Cl,  gate  84  being  effective  for  producing  an  out- 
put signal  Cl  [A'Klup]  only  when  signal  A'Klup  is  at 
a high  level  and  the  clock  pulse  Cl  appears.  As  shown 
in  FIG.  6a  this  output  pulse  signal  is  the  output  pulse  SC. 
5 A Boolean  logical  equation  which  defines  output  signal 
SC  in  terms  of  the  received  signals  A',  K1UP  and  Cl  may 
be  formed  by  setting  SC  equal  to  its  equivalent  form 
Cl  [A'Klup]  . 

10  SC  = Cl  [A'Klup]  (1) 

Equation  1 states  in  a very  concise  form  that  an  out- 
put pulse  SC  will  be  produced  only  when  signals  A'  and 
Klup  are  both  at  their  high  levels  and  a clock  pulse 
signal  Cl  appears. 

15  As  a further  illustration  consider  the  zero  C gating 
network  102  shown  in  FIG.  6a.  Gating  network  102  is 
seen  to  include  a conventional  diode  “or”  gate  85  which 
receives  signals  Q'  and  I and  combines  these  signals  to 
produce  a bilevel  signal  ( Q'+J ) which  has  a high  level 
^ J only  when  signal  Q'  or  signal  J is  at  a high  level.  In  the 
expression  {Q'+J)  the  ( + ) symbol  indicates  the  per- 
formance of  the  logical  “or”  operation  as  shown  in 
FIG.  6a.  Signal  {Q'+J)  is  applied  to  one  input  of  an 
“and”  gate  86  which  receives  at  its  other  inputs  signals 
° T,  B and  a signal  Com.  Gate  86  combines  these  sig- 
nals to  produce  an  output  signal  TBCoffl  (Q'+J)  which 
has  a high  level  only  when  all  the  input  signals  to  gate 
86  are  at  their  high  levels. 

30  Another  “and”  gate  87  is  provided  which  receives  sig- 
nal A and  a signal  Com'  and  combines  these  signals  to 
produce  a resultant  output  signal  ACom'.  It  will  be 
shown  hereinbelow  that  signals  Com  and  Com'  are  com- 
plementary bilevel  signals  derived  from  fill-compute 
5 switch  56,  signal  Com'  having  a high  level  when  switch 
56  is  at  its  fill  position  and  signal  Com  having  a high 
level  when  switch  56  is  at  its  compute  position.  (In  the 
following  specification,  designations  of  signals  arising 
40  from  switches  will  be  invariably  underlined  so  as  to 
clearly  distinguish  switch  derived  signals  from  other 
signals.) 

Continuing  with  the  description  of  gating  network  102 
shown  in  FIG.  6a,  it  is  seen  that  an  “and”  gate  88  is  pro- 
vided  for  combining  signals  A and  T'  to  produce  a re- 
sultant signal  AT'  and  another  “and”  gate  89  is  provided 
for  combining  signals  A,  Q and  J'  to  produce  a resultant 
signal  AQJ'.  The  signals  produced  by  “and”  gates  86,  87, 
8S  and  89  respectively,  are  applied  to  an  “or”  gate  90, 
5q  symbolically  designated  as  a semicircle  with  a (-}-)  con- 
tained therein,  gate  90  combining  these  applied  signals 
to  produce  a resultant  output 

TBCom  (Q'  + J)  + AQJ' + AT' + ACom' 

This  signal  produced  by  “or”  gate  90  is  applied  to  one 
input  of  an  “and”  gate  91  which  also  receives  at  another 
input  clock  pulse  Cl,  gate  91  combining  these  signals  to 
form  the  output  signal  ZC  where  the  signal  ZC  is  defined 
by  the  Boolean  equation: 

60  ZC  — Cl  [TBCom  (Q'  + J) 

+AQJ'+AT'+ACom']  (2) 

In  logical  Equation  2 each  ( + ) sign  indicates  the  per- 
formance of  a logical  “or”  operation  of  the  signals  com- 
65  bined  thereby  and  the  absence  of  a (+)  sign  indicates 
the  performance  of  a logical  “and”  operation  upon  the 
signals  combined  thereby. 

It  will  be  apparent  to  those  skilled  in  the  art  that  logi- 
cal Equations  1 and  2 completely  specify  the  specific 
70  mechanizations  of  gating  networks  101  and  102  shown  in 
FIG.  6a,  that  is,  the  equations  specify  both  the  number 
of  logical  “and”  and  “or”  operations  to  be  performed  by 
the  networks  as  well  as  the  factors  and  terms  involved 
in  such  operations.  For  example,  the  bracket  in  Equa- 
75  tion  2 specifies  an  overall  logical  “and”  operation  in- 
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volving  two  factors,  namely,  Cl  and  the  quantity  within  in  the  order  in  which  these  terms  are  developed  in  the 

the  bracket.  This  operation  is  performed  by  an  “and”  following  portions  of  the  specification, 

gate,  gate  91,  which  includes  two  inputs,  one  for  each 

factor,  and  two  diode  rectifiers,  one  for  each  input.  TABLE  1 

Similarly  the  quantity  within  the  bracket  represents  a 5 

logical  “or”  operation  involving  four  terms,  namely,  SC  = Cl  f A'Klup]  (1) 

TBCom(Q,'+ J)  , AQJ',  AT',  and  ACom'.  This  5 

operation  is  performed  by  an  “or”  gate,  gate  90,  which 

includes  four  inputs,  one  for  each  term,  and  four  diode  ZC  = ClfBComT  (Q'  + J) 

rectifiers,  one  for  each  input.  The  four  terms  specified  10  1 y* 


in  the  logical  “or”  operation  are,  in  turn,  specified  by 
further  logical  “and”  operations.  More  particularly, 
term  AQJ'  specifies  a logical  “and”  operation  performed 
by  three-terminal  “and”  gate  89;  and  terms  AT'  and 
ACom'  logical  “and”  operations  performed  by  two-  15 
terminal  “and”  gates  88  and  87,  respectively.  Term 
TBCom(Q,'  + J)  specifies  a logical  “and”  operation  per- 
formed by  four-terminal  “and”  gate  86  which,  in  turn, 
has  one  terminal  connected  to  the  output  terminal  of  two-  2o 
terminal  “or”  gate  85  as  specified  by  the  factor  (Q'+J). 

It  is  thus  seen  that  the  logical  equations  specify  ex- 
actly the  mechanizations  of  the  associated  gating  net- 
works, including  the  number  of  gates,  the  number  of  in- 
put terminals  for  the  gates,  and  the  interconnections  of  2s 
the  gates.  In  addition,  it  is  apparent  to  those  skilled  in 
the  art  that  the  equations,  such  as  Equations  1 and  2 
may  be  varied  in  accordance  with  the  well-known  rules 
of  Boolean  algebra  to  yield  equivalent  mechanizations 
having  different  numbers  of  gates,  terminals  and  inter-  30 
connections.  For  example,  the  quantity  within  the 
bracket  of  Equation  2 may  be  factored  to  yield  the 
following: 

ZC=Cl[TBCom(Q'  + J)  35 

+A(QJ'  + T'  + Com')  ] (2 a) 

In  accordance  with  the  rules  set  forth  above,  this  equa- 
tion would  be  mechanized  a two-terminal  “and”  gate, 
identical  to  gate  91  for  the  “and”  operation  between  Cl  40 
and  the  bracketed  factor;  a two-terminal  “or”  gate  and 
a four-terminal  “and”  gate,  identical  to  gates  85  and  86, 
respectively,  for  the  term  TBCom(Q'  + J)  ; a two- 
terminal  “or”  gate,  similar  to  gate  90,  for  the  “or”  opera- 
tion between  the  term  TBCom(Q'  + J)  and  the  term  45 
A(QJ'  + T'  + Com')  ; a two-terminal  “and”  gate  for  the 
“and”  operation  between  factor  A and  factor 

(Q.J'  + T'  + Cora') 

50 

a three-terminal  “or”  gate  for  the  “or”  operation  between 
terms  QJ',  T',  and  Com'  ; and  a two-terminal  “and”  gate 
for  the  “once”  operation  between  factors  Q and  J'. 

It  is,  therefore,  apparent  that  logical  equations  com- 
pletely specify  gating  mechanizations.  In  addition  tech-  55 
niques  for  mechanizing  Boolean  equations  are  well  known 
in  the  art.  See,  for  example,  an  article  entitled  “An 
Algebraic  Theory  for  Use  in  Digital  Computer  Design,” 
by  E.  C.  Nelson,  found  in  the  Transactions  of  the  IRE, 
September  1954  issue,  pages  12  through  21.  Accord-  60 
ingly,  for  purposes  of  clarity  and  more  complete  under- 
standing of  the  present  invention,  the  remainder  of  this 
specification,  except  for  the  description  of  FIG.  6b,  will 
be  devoted  to  a non-rigorous  derivation  of  logical  equa- 
tions which  satisfy  the  requirements  of  the  general  terms  0 
and  conditions  of  operation  set  forth  above  in  the  gen- 
eral description. 

The  equations  thus  derived  will  be  mechanized  by 
gating  matrix  31  which,  as  illustrated  in  FIG.  3,  produces 
twenty-two  output  signals  from  twenty-two  correspond- 
ing gating  networks,  as  specified  by  the  associated  equa- 
tions. For  purposes  of  handy  reference,  all  of  the  equa- 
tions to  be  derived  are  set  forth  below  in  Table  1.  In 
addition  all  of  the  terms  of  the  equations  are  numbered  75 


+ACom'+AT'+AQJ']  (2) 

2 3 4 

SM=C1[LX'+L'X]  (3) 

6 

ZM=C1  [L'X'  + LX]  (4) 

7 

X= ComTCM  J (Q+B)  (Q'  + B')  +ComI'AT'MJ 
32  44 

+ ComIAT'Q.'J  + Com(Q,'  + J)  ITC'P 
45  49 

+ Insert  IA'TQ'J' 

11 

-(-Fill  Q' (LB'+L'B)  (I'+A+T) 

18 

+ Shift  lA'T'Q'  ( J'+L)  (3a) 

23 

SI  — CirAT'Com'+AT'QJ'+AT'M]  (5) 

8 9 28 

ZI  = C1[TC]  (6) 

10 

SQ= Cl  [ IA'T'Insert  + IA'T'Fill 

12  21 

+ IA'I'LCom'  + IA'T'L (Stop  + Single  Stop) 
24  26 

+ Coml'T  C J'MB  + ComTCM  JL'B 
30  33 

+ ComI'TC'LMP+ Coral  TMJ]  (7) 

42  46 

ZQ=C1[IA'T'LJ'(B  Oneaown 
+ B 'Zero  down +Space ) + IA'T'L  J'Shift 
17  22 

+ IA'T'L  J'  ( Start  + Single  Start) 

25 

+ ComTCM  JIB'  + Coml'TC'LMP' 

34  43 

+ Coral  TMJ]  (8) 

47 

SB=CirOnedownQ,J'  + Fill  Q'L+Coml'TC'L' 

15  19  38 

+ Cora  (Q.'  + J)IIC'PL+ IA'T'L  (Input  1+) 

50  57 

+ ComITCMQ.'(  Input  2+) 

59 

+ Com(Q'  + J) ATC (M'  + I'  + Input  2')]  (9) 
61 
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ZB  - Cl  r Ze  rOdo^g  J' + Fill  ( r ■ + A+ 1 ) Q.'L 
16  20 
+ CofflI'TC'L (P  + Q)  (P'  + Q') 

41 

+ Com(Q'+J)ITC'PL'+IA'T'L(  Input  1~) 

51  58 

+ ComITCMQ' (Input  2") 

60 

+Com(Q'+J)A'TC(M'+I'+ Input  2')]  (10) 

62 

S J= Cl  [Com'IA'T'Q'+ Coml'TCQ'M]  (11) 
13  31 

ZJ=C1  flA'TFillup  Shiftnp  Inserts 
14 


+ I A'T'Com  + ComlAT'Q'] 
27  48 

(12) 

SP=Cl[IA'T'+AT'L+ComI'TC'LM'Q] 

(13) 

29 

36  39 

ZP= 

= C1[(Q,'+J)TCLB'(M'+J') 
35 

+ AT'L+ Coml'TC'LM'Q' 

37  40 

+ Com(Q'  + J)  ITC' (LB'+L'B)  ] 
52 

(14) 

Output  l+=ComQ'ITCMB 
53 

(15) 

Output  1 | 

Output  l~=ComQ'ITCMB' 
54 

(16) 

Output  2 1 

[Output  2+=Comq'ITCMA 
55 

(17) 

Output  2”=ComQ'ITCMA' 
56 

(18) 

Synch=IA'T'L 

63 

(19) 

Int=Com(AT'+TC')  +Com' 
64  65 

(20) 

Vertu=L 

66 

(21) 

VertL=Com'  (AI'  + TC')  -FComT 
67  68 

Operation  of  Flip-flop  C 

(22) 

Since  there  has  already  been  described  in  great  detail  g0 
the  set  C gating  network  101  and  the  zero  C gating  net- 
work 102,  shown  in  FIG.  6 a,  it  is  believed  advisable  for 
purposes  of  clarity,  to  consider  first  all  operations  which 
affect  flip-flop  C and  thereby  develop  all  of  the  terms, 
terms  1 through  5,  of  logical  Equations  1 and  2. 

Remembering  that  flip-flop  C is  part  of  the  normal 
recirculation  loop  of  the  short  channel,  in  normal  opera- 
tion each  signal  arriving  in  flip-flop  A is  merely  trans- 
ferred, complemented  in  value,  to  flip-flop  C.  Expressed 
in  terms  of  specific  mechanization,  this  means  that  at 
the  end  of  each  timing  interval  (as  indicated  by  appear- 
ance of  a clock  pulse  Cl)  flip-flop  C is  set  (by  an  SC 
pulse)  or  zeroed  (by  a ZC  pulse)  to  a “1”  or  “0”  state 
which  is  opposite  to  the  state  of  flip-flop  A during  the 
timing  interval. 
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There  are  two  exceptions  to  this  general  normal  circu- 
lation of  signals  from  flip-flop  A to  flip-flop  C. 

The  first  exception  occurs  when  the  DDA  is  being 
cleared  (upon  depression  of  clear  switch  57)  for  then  all 
5 computer  flip-flops  are  intended  to  be  held  in  their  “0” 
states.  Therefore  facilities  are  provided  for  suppressing 
production  of  SC  pulses  whenever  clear  switch  57  is  de- 
pressed (as  indicated  by  signal  Klup  at  its  low  level) 
and  allowing  renewed  production  of  SC  pulses  when  clear 
10  switch  57  returns  to  its  up  or  undepressed  position  (as 
indicated  by  signal  Klup  at  its  high  level). 

The  second  exception  occurs  only  during  decode  phases 
of  “compute”  (Com=l) — that  is  during  passage  of  -a 
, _ decode  portion  of  an  integrator  section  when  it  is  “not 
0 idle”  (Q’+J),  and  is  related  to  the  required  precession 
of  dz  signals  hereinbefore  described.  It  will  be  remem- 
bered as  illustrated  in  FIG.  4 that  during  a decode  phase 
of  operation,  each  dz  signal  appearing  in  read  flip-flop  A 
2q  (at  time  T)  is  rewritten  reversed  in  value  and  shifted 
backwards  two  cells  with  respect  to  its  previous  position 
in  the  short  channel.  Phase  control  marks  appearing  in 
flip-flop  A (at  time  T')  are  rewritten,  reversed  in  value 
of  course,  in  their  old  positions.  In  this  manner,  the  dz 
gg  signals  recorded  in  the  short  channel  are  regularly  pro- 
cessed with  respect  to  the  decode  portions  of  the  in- 
tegrator sections. 

To  accomplish  this  required  precession  of  dz  signals, 
during  a decode  phase  of  computation  flip-flop  B is  in- 
30  eluded  in  the  recirculation  loop  of  the  short  channel. 
Phase  control  marks  arriving  in  flip-flop  A are  transferred 
in  normal  fashion  reversed  in  value  to  flip-flop  C,  but  dz 
signals  arriving  in  flip-flop  A are  not  circulated  directly 
from  A to  C but  are  instead  transferred  unchanged  from 
35  A to  B and  thence  after  a delay  of  two  timing  intervals, 
are  transferred  reversed  in  value  to  flip-flop  C.  In  this 
manner  each  dz  signal  is  delayed  two  timing  intervals 
by  storage  in  flip-flop  B before  being  rewritten  and  is 
thereby  shifted  backwards  two  cell  positions  in  the  short 
channel. 

From  the  above  provided  description  of  the  operations 
which  affect  flip-flop  C it  is  possible  to  develop  all  of 
the  terms  of  logical  Equations  1 and  2. 

The  effect  of  the  dz  precession  operation  upon  the  C 
flip-flop  can  be  very  simply  summarized.  The  dz,  pre- 
cession operation  can  only  affect  the  C flip-flop  under  the 
following  conditions: 

Condition  1 : Fill-compute  switch  56  is  at  its  compute 
position.  This  condition,  as  hereinbefore  stated,  is  in- 
dicated by  signal  Coin  at  its  high  (“1”  representing) 
level. 

Condition  2:  The  DDA  is  not  in  an  “idle”  condition. 
This  “not  idle”  condition  as  hereinbefore  explained,  is 
indicated  whenever  signal  Q'  or  signal  J (<2'+/)  is  at 
a high  level. 

Condition  3:  The  DDA  is  in  a “decode”  phase  of 
operation.  This  “decode”  condition,  as  hereinbefore  ex- 
plained, is  indicated  by  signals  T and  C(TC)  both  at 
their  high  levels. 

The  dz  precession  operation  can  only  affect  the  C flip- 
flop  when  all  of  the  above-described  conditions,  condi- 
tions 1 and  2 and  3 are  simultaneously  satisfied.  The 
Boolean  expression  or  signal  function  ComTC  (Q'  + J) 
conveniently  summarizes  these  conditions  and  thus  it  can 
65  be  stated  that  the  dz  precession  operation  can  affect  the 
C flip-flop  only  when  ComTC  (Q.'  + J)  =1 — that  is 
when  signals  T and  C and  Com  and  Q'  or  J are  at  their 
high  “1”  levels.  Whenever  these  conditions  are  satisfied, 
in  accordance  with  the  described  precession  of  dz  signals, 

1 u the  signal  stored  in  flip-flop  B will  be  transferred  reversed 
in  value  to  flip-flop  C. 

Thus  when  these  conditions  ComTC  (Q'  + J)  are 
satisfied,  if  flip-flop  B is  in  its  “0”  state  then  flip-flop  C 
75  should  be  set  to  its  “1”  state.  However  it  will  be  noted 
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that  if  the  condition  ComTC  (Q'  + J)  is  satisfied,  flip- 
flop  C must  already  be  in  its  “1”  state,  as  indicated  by 
signal  C at  its  high  level.  Therefore  it  is  never  necessary 
to  set  flip-flop  C at  this  time.  Stated  in  another  way,  at 
the  time  that  a dz  signal  is  to  be  transferred  from  flip- 
flop  B to  flip-flop  C,  flip-flop  C will  always  contain  a “1” 
valued  phase  control  signal  which  was  transfeired  to  it 
in  the  previous  time  interval,  and  therefore  it  is  not 
necessary  to  set  flip-flop  C at  this  time. 

However  if  at  this  time  (when  the  condition 

ComTC  (Q/  + J) 

is  satisfied)  flip-flop  B is  in  its  “1”  state,  then  flip-flop  C 
must  be  zeroed — that  is  sent  to  its  “0”  state  by  applica- 
tion of  a ZC  pulse.  The  following  partial  or  frag- 
mentary logical  Equation  2b  sets  forth  a term  which  de- 
fines this  operation: 

ZPC=BComTC(Q'+J)  (26) 

where  the  subscript  p indicates  that  this  is  a partial  equa- 
tion defining  a term  which  is  only  a portion  of  the  com- 
plete equation  for  the  ZC  signal. 

Inclusion  of  signal  C in  Equation  2b  is  obviously  re- 
dundant. Inclusion  of  signal  C in  Equation  2b  prevents 
flip-flop  C from  being  zeroed  when  it  is  in  its  “0”  state. 
However  since  no  harm  would  be  caused  by  such  an 
occurrence,  signal  C may  be  safely  deleted.  Equation  2b 
is  thereby  reduced  to  the  following  form: 

ZpC— BComT  (Q'  + J)  (2c) 

1 

The  numeral  1 set  forth  below  the  term 

BComT  (Q/  + J) 

identifies  this  term  as  being  the  same  term  which  is  found 
correspondingly  numbered  in  logical  Equation  2. 

Developing  now  the  remaining  terms  of  the  ZC  equa- 
tion, it  is  clear  that  whenever  the  condition 

ComT(Q'-fJ) 

is  not  satisfied,  normal  circulation  of  signals  from  A to  C 
must  reoccur — that  is  whenever  signals  Com'  or  T'  or 
Q and  J'  are  at  their  high  levels  (Com'  + T'  + QJ')  • 
Equation  2d  provided  below  defines  this  operation  inso- 
far as  it  affects  the  ZC  signal 

ZPC=A  (Com'  + T'+QJ')  (2<0 

By  multiplying  all  of  the  terms  within  parenthesis  by 
the  common  factor  A,  Equation  2d  is  altered  to  the 
following  equivalent  Equation  2e: 

ZPC=ACpm'+AT'+AQJ'  (2e) 

2 3 4 

At  this  point  all  of  the  terms,  terms  1,  2,  3 and  4,  of 
the  ZC  equation  have  been  developed  and  may  be  logi- 
cally summed  and  multiplied  by  Cl  to  form  the  complete 
ZC  equation: 

ZC= Cl  [BComT  (Q'+J) 

1 

+ACom'+AT'+AQJ']  (2) 
2 3 4 

Considering  now  the  SC  signal,  as  has  been  explained 
hereinbefore,  the  dz  precession  operation  does  not  im- 
pose any  requirements  upon  the  setting  of  the  C flip-flop. 
It  is  thus  clear  that  at  all  times,  in  accordance  with  the 
normal  circulation  of  signals  in  the  short  channel  flip- 
flop  C may  be  set  to  its  “1”  state  whenever  flip-flop  A is 
in  its  “0”  state,  with  the  single  exception  that  such  setting 
of  flip-flop  C must  be  suppressed  when  clear  switch  57 
is  depressed.  This  operation  is  enforced  by  the  gating 
structure  defined  by  the  following  Equation  la: 

SpC=A'IQup  (lfl) 

5 
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and  by  multiplying  term  5 by  Cl,  there  is  obtained  the 
complete  SC  equation: 

SC=Cl[A'KluP]  (1) 

5 5 

In  developing  the  terms  of  the  SC  and  ZC  Equations  1 
and  2,  we  have  been  largely  concerned  with  the  normal 
recirculation  of  signals  in  the  short  channel.  Of  equal 
importance  to  the  operation  of  the  DDA  is  the  normal 
10  recirculation  of  signals  in  the  long  channel,  and  there- 
fore we  will  consider  next  the  SM  and  ZM  equations, 
Equations  3 and  4 which  define  the  structure  of  gating 
networks  103  and  104  respectively. 

^ Operation  of  Flip-flop  M 

It  will  be  remembered  that  in  the  long  channel,  signals 
circulate  from  flip-flop  L to  flip-flop  M — that  is  each  sig- 
nal read  into  flip-flop  L is  transferred  at  the  beginning  of 
the  next  timing  interval  to  flip-flop  M,  which  again  re- 
20  writes  the  signal.  As  stated  hereinbefore,  each  signal  as 
it  is  transferred  from  L to  M is  either  left  unchanged  or 
is  reversed  in  value.  A signal  designated  signal  X is 
generated  to  control  this  reversal  or  non-reversal  of  sig- 
nals as  they  are  transferred  from  L to  M,  this  signal 
25  being  generated,  as  shown  in  FIG.  6b,  by  a separate 
gating  circuit  103a.  Whenever  signal  X is  at  its  high 
(“1”)  level,  signals  are  reversed  while  when  X is  at  its 
low  (“0”)  level,  signals  are  not  reversed  in  transferring 
from  ,L  to  M.  Stating  this  in  another  manner,  when 
30  X=l,  flip-flop  M will  be  set  or  zeroed  at  the  end  of  each 
timing  interval  to  the  complement  of  the  state  of  L dur- 
ing the  interval,  while  when  X—0,  flip-flop  M will  be  set 
or  zeroed  to  the  same  state  as  the  state  of  L.  The  SM 
and  ZM  Equations  3 and  4 rewritten  hereinbelow  define 
35  this  operation,  it  is  clear. 


SM=C1[LX'+L'X] 

6 

(3) 

40 

ZM=C1  [L'X'  + LX] 
7 

(4) 

Since  Equations  3 and  4 call  for  the  complementary 
signal  X'  as  well  as  signal  X,  inverting  amplifiers  (abbre- 
45  viated  INV)  are  provided  within  networks  103  and  104 
to  derive  complementary  signal  X'  from  signal  X.  How- 
ever the  use  of  inverting  amplifiers  is  not  necessarily  re- 
quired in  networks  103  and  104  since  an  alternative  type 
of  gating  network  may  be  substituted  for  networks  103 
50  and  104  which  does  not  require  the  complementary  sig- 
nal X'.  This  alternative  type  of  gating  network  is  shown 
and  described  in  copending  U.S.  patent  application  Serial 
No.  485,241,  entitled  “Logical  Gating  Network,”  by  the 
present  inventor,  filed  January  31,  1955,  now  U.S.  Patent 
55  No.  2,914,681,  issued  November  24,  1959. 

Because  of  the  importance  of  the  X signal  in  con- 
trolling the  transfer  of  signals  from  L to  M,  the  logical 
equation  which  defines  the  X signal  (and  hence  the  struc- 
ture of  gating  circuit  103a)  is  set  forth  in  full  immedi- 
60  ately  below  Equations  3 and  4 in  the  equation  list  pro- 
vided hereinbefore.  This  equation  for  the  X signal  is 
numbered  as  Equation  3a  in  accordance  with  the  number- 
ing of  the  X gating  circuit  as  circuit  103a. 

The  terms  of  Equation  3 a will  be  considered  in  detail 
65  at  later  points  in  the  specification.  At  this  time,  it  is 
sufficient  to  note  that  the  value  of  the  X signal  is  deter- 
mined by  a large  number  and  variety  of  terms,  this  being 
a clear  result  of  the  fact  that  the  only  way  in  which  in- 
formation  in  the  long  channel  is  affected  is  through  con- 
trol of  the  X signal  which  in  turn  controls  the  reversal 
or  non-reversal  of  signals  being  transferred  from  flip-flop 
L to  flip-flop  M.  Thus  all  operations  which  modify  in- 
formation in  the  long  channel,  must  accomplish  such 
75  modification  by  means  of  the  X signal. 


3.035,768 


31 

The  procedure  which  will  be  employed  for  developing 
the  terms  of  Equation  3 a and  the  remaining  equations, 
Equations  5-22,  will  be  somewhat  different  from  that 
which  has  been  utilized  for  developing  the  terms  (terms 
1-7)  of  logical  Equations  1,  2,  3 and  4.  Considering 
flip-flop  C for  a moment,  it  must  be  recognized  that  only 
a few  closely  related  operations  of  the  DDA  affected 
flip-flop  C and  therefore  it  was  possible  to  consider  all  of 
these  operations  simultaneously  and  thereby  develop  at 
one  stroke  all  of  the  terms  of  the  SC  and  ZC  equations. 

However  most  of  the  flip-flops  in  the  DDA  are  affected 
by  a far  greater  number  of  operations  and  moreover  by 
operations  which  are  much  less  closely  related.  For  ex- 
ample flip-flop  B is  affected  by  virtually  all  of  the  opera- 
tions performed  by  the  DDA,  as  is  evidenced  by  the 
great  number  and  variety  of  terms  in  the  SB  and  ZB 
equations.  It  would  be  very  difficult  to  treat  all  of  these 
operations  simultaneously  without  detrimentally  affect- 
ing clarity  of  presentation. 

In  view  of  these  considerations  therefore,  another  pro- 
cedure will  be  employed  hereinafter  for  developing  the 
terms  of  logical  Equations  5 through  22,  a procedure 
which  it  is  believed  provides  an  orderly  and  clear  develop- 
ment both  of  the  detailed  operations  of  the  DDA  and 
of  the  terms  of  the  logical  equations.  In  this  procedure, 
the  operations  of  the  DDA  will  be  considered  in  the 
order  in  which  these  operations  occur,  as  hereinbefore 
described,  when  an  operator  puts  the  DDA  into  opera- 
tion by  means  of  the  switches  provided  on  switch  panel 
32,  shown  in  FIG.  3.  As  each  operation  is  explained  in 
detail,  all  of  the  terms,  wherever  they  appear,  of  Equa- 
tions 1-22  and  3 a which  are  associated  with  that  opera- 
tion will  be  developed  (and  numbered  in  the  order  of 
their  appearance).  In  this  manner,  after  a complete  de- 
tailed description  of  operation  has  been  completed,  all 
of  the  terms  of  the  logical  equations  will  have  been 
developed. 

Beginning  now  this  detailed  description  of  operation 
it  will  be  remembered  that,  in  placing  the  DDA  into 
operation,  an  operator  utilizes  switches  57  to  60  and 
switch  62,  provided  on  switch  panel  32  shown  in  FIG.  3. 
A diagram  illustrating  the  structure  and  associated  cir- 
cuit arrangement  of  fill-compute  switch  56  is  shown  in 
FIG.  7a.  In  similar  manner  clear  switch  57  and  step 
switch  62  are  illustrated  in  FIGS,  lb  and  7c  respectively. 

Switches  58,  59  and  60  have  numerous  interconnec- 
tions therebetween  and  are  therefore  illustrated  grouped 
together  in  FIG.  Id.  However  for  purposes  of  clarity, 
only  those  contacts  of  switches  58,  59  and  60  which  are 
related  to  their  “fill”  operations  (“zero,”  “one”  and 
“space”)  are  shown  in  FIG.  Id.  Switches  58,  59  and  60 
are  again  illustrated  in  FIG.  7 d,  this  diagram  showing 
only  those  contacts  of  switches  58,  59  and  60  which  are 
related  to  their  “compute”  functions  (“start,”  “stop”  and 
“once”). 

As  illustrated  in  FIGS,  la  to  Id  each  switch  is  oper- 
able for  generating  one  or  more  output  signals,  signals 
Com,  Com',  InsUp.  etc.,  it  being  understood  that 
these  signals  comprise  the  switch  signals  which,  as  shown 
in  FIG.  3,  are  applied  to  gating  matrix  31.  For  purposes 
of  clarity,  as  has  been  done  hereinbefore,  the  same  desig- 
nation will  be  utilized  for  a signal  and  for  the  conductor 
over  which  it  is  applied.  For  example  referring  to  FIG. 
la,  the  output  conductors  over  which  signals  Com  and 
Com'  are  applied  will  be  designated  hereinafter  as  con- 
ductors Com  and  Com'  respectively. 

It  will  be  remembered  that  in  placing  the  DDA  in 
operation,  the  first  step  taken  by  an  operator  (assuming 
power  has  already  been  applied  to  the  DDA)  is  to  place 
fill-compute  switch  56,  at  its  fill  position,  as  shown  in 
FIG.  la.  As  illustrated  in  FIG.  la  conductors  Com 
and  Com'  are  permanently  connected  through  resistors 
to  one  terminal  of  a source  of  relatively  low  voltage  VL 
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while  a swinger  or  pole  150  of  switch  56  is  directly  con- 
nected to  one  terminal  of  a source  of  relatively  high 
voltage  VH.  It  is  therefore  clear  that  when  switch  56 
is  placed  at  its  fill  position  (at  which  the  swinger  makes 
5 contact  with  conductor  Com')  signal  Com'  will  be  at 
a high  level  while  signal  Com  will  be  at  a low  level. 
It  will  be  noted  referring  to  FIGS.  Id  and  le  that  sig- 
nals Com  and  Com'  are  supplied  to  certain  contacts  of 
jq  switches  58,  59  and  60  as  well  as  to  gating  matrix  31. 

“Clear”  and  “Mark”  Operations 

The  next  step  performed  by  an  operator  is  to  depress 
and  release  clear  switch  57  which  as  shown  in  FIG.  lb 
comprises  four  contacts  operable  in  predetermined  se- 
0 quence  under  the  control  of  a key  151  which  is  normally 
spring  loaded  to  an  up  position.  The  following  table, 
Table  2,  summarizes  these  contacts  and  their  action  dur- 
ing a down  and  up  stroke  of  key  151. 

20  TABLE  2 


[Clear  Switch  57] 


Contacts 

Contact  action 

25 

Row  ( 

Type 

Between 

Down 

stroke 

(read 

down) 

Up 
stroke 
(read  up) 

30  1 

Normal  make. 

a pole  152  and  conductor 
Inspp« 

Break... 

Make. 

a pole  153  and  conductor 
Ins. 

...do : 

Do. 

2 — 

Do. 

KH0p. 

nr.  2 

A pole  155  and  a conductor 
156. 

...do 

Do. 

35 

It  will  be  understood,  in  connection  with  Table  2 that 
the  time  sequence  of  contact  action  is  indicated  by  row 
numbers,  contacts  which  act  simultaneously  being  placed 
40  together  in  a single  row. 

As  indicated  in  the  third  column  of  Table  2,  during 
a down  stroke  of  key  151,  the  contacts  made  by  poles 
152  and  153  break  simultaneously  and  then  the  contacts 
made  by  poles  154  and  155  break  sequentially.  During 
17  the  succeeding  up  stroke  of  key  151,  these  contacts  make 
in  reverse  order  as  shown  in  the  fourth  column  of 
Table  2.  Referring  again  to  FIG.  lb,  it  is  seen  that  the 
relatively  high  voltage  VH  is  applied  to  poles  152  and 
154  and  through  a resistor  to  conductor  Ins  while  the 
o0  relatively  low  voltage  Vx,  is  applied  to  pole  153  and 
through  resistors  to  conductors  InSup  and  KIUP. 

Pole  155  is  connected  to  one  terminal  of  a source  of 
— 100  volts  (this  being  the  negative  supply  voltage  of 
53  the  flip-flops  of  the  DDA).  When  the  contact  between 
pole  155  and  conductor  156  is  made  the  negative  supply 
voltage  is  applied  over  conductor  156  to  a predetermined 
“side”  of  every  flip-flop  in  the  DDA,  the  other  “side”  of 
each  flip-flop  being  connected  directly  to  the  source  of 
0q  —100  volts.  When  the  contact  between  pole  155  and 
conductor  156  is  broken,  the  flip-flops  no  longer  have 
balanced  supply  voltages  and  are  thereby  all  held  in  their 
“0”  states  the  flip-flops  then  being  insensitive  to  applied 
input  signals.  When  the  contact  between  pole  155  and 
65  conductor  156  is  made  again,  the  flip-flops  again  have 
balanced  supply  voltages  and  can  then  again  be  set  and 
zeroed  by  applied  input  signals. 

For  the  purposes  of  illustrating  “clear”  and  “mark” 
operations  which  are  controlled  by  clear  switch  57,  there 
70  is  provided  in  FIG.  lb  waveforms  of  the  switch  output 
signals  Insert UP,  Insert,  K1UP  and  —100  v. 
(the  negative  supply  voltage)  these  signals  being  shown 
on  a common  time  scale  as  they  would  appear  during  a 
single  operation  (depression  and  release)  of  clear  switch 
75  57.  In  addition  there  are  shown  on  the  same  time  scale 
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illustrative  waveforms  of  signals  C,  A,  I,  X,  Q and  J. 
Vertical  dotted  lines,  provided  in  FIG.  lb,  mark  certain 
times  t0,  t\,  t2,  h and  /4  at  which  significant  events  occur 
in  the  “clear”  and  “mark”  operations. 

As  illustrated  in  the  waveforms  of  FIG.  lb  as  key  151 
of  switch  57  is  depressed,  first  signal  Insertup  falls 
to  its  low  level  (VL)  and  simultaneously  signal  Insert 
rises  to  its  high  level  (VH).  Next  signal  Klup  falls  to 
its  low  level  and  then  as  key  151  is  fully  depressed  the 
negative  supply  voltage  —100  is  removed  from  con- 
ductor 156  allowing  the  voltage  on  conductor  156  to  rise 
to  a fairly  high  level.  During  the  return  or  up  stroke  of 
key  151  (assumed  to  begin  at  time  t0)  these  signals  re- 
turn to  their  initial  values  in  reverse  order.  For  example 
shortly  before  time  h,  the  —100  volt  negative  supply 
voltage  is  reconnected  to  conductor  156;  next,  signal 
Klup  rises  to  its  high  level  immediately  before  time  t2; 
and  finally,  immediately  before  time  /4  signal  Insert 
returns  to  its  low  level  and  Insertup  rises  to  its  high 
level. 

At  time  to,  it  may  be  stated  that  the  “clear”  operation 
has  been  accomplished  for  at  this  time,  all  computer  flip- 
flops  including  write  flip-flops  L and  M are  held  in 
their  “0”  states  thereby  effectively  removing  all  informa- 
tion from  the  flip-flops  and  moreover  effectively  erasing 
all  information  from  the  long  and  short  channels  by 
uniformly  recording  “0”  valued  signals  in  all  the  cells 
of  these  channels. 

The  “mark”  operation  is  accomplished  during  the  up 
or  return  stroke  of  key  151.  At  time  tx  the  negative 
supply  voltage  has  returned  to  its  normal  value  of  —100 
volts,  and  as  a result  all  computer  flip-flops  are  again 
free  to  be  set  or  zeroed  in  accordance  with  applied 
pulses.  At  this  time  therefore  normal  circulation  of 
signals  is  renewed  in  the  long  channel,  the  “0”  valued 
signals  which  have  been  recorded  in  the  long  channel 
circulating  from  L to  M unchanged  (as  indicated  by 
signal  X at  its  low  level).  However  normal  circulation 
of  signals  in  the  short  channel  (from  A to  C reversed  in 
value)  is  not  renewed  until  immediately  after  Klup  rises 
to  its  high  level  (at  time  t2).  Thus  at  time  t2,  flip-flop  C 
is  set  to  its  “1”  state  for  the  first  time.  The  term  which 
is  involved  is: 

SpC=A'K1up 

5 

which  has  been  developed  from  other  considerations 
hereinbefore. 

Flip-flop  C then  remains  in  its  “1”  state  for  forty  tim- 
ing intervals  until  the  first  of  the  “1”  valued  signals 
which  it  is  writing  into  the  short  channel  reaches  flip- 
flop  A and  is  transferred  to  C reversed  in  value,  where- 
upon C is  sent  to  its  “0”  state.  The  term  involved  is: 

ZPC=ACom' 

2 

Thus  flip-flop  C thereafter  has  its  state  reversed  every 
forty  timing  intervals,  while  A maintains  a complemen- 
tary state  displaced  by  one  timing  interval  from  the  state 
of  C,  as  shown  in  FIG.  lb.  In  this  manner  forty  “0” 
valued  signals  and  forty  “1”  valued  signals  are  alternately 
written  into  the  short  channel.  The  “0”  valued  signals 
as  they  appear  in  A demark  the  decode  portion  of  each 
integrator  section  while  the  “1”  valued  signals  as  they 
appear  in  A demark  the  integrate  portions  of  each  in- 
tegrator section.  In  this  manner,  the  reversal  of  signals 
in  the  A to  C transfer  is  utilized  to  record  or  “mark”  the 
phase  control  marks  (and  initial  “0”  values  of  the  dz 
signals)  into  the  short  channel  and  thereby  define  the 
decode  and  integrate  portions  of  each  integrator  section 
of  the  long  channel. 

With  the  integrator  section  thus  defined  it  is  possible 
to  complete  the  “mark”  operation  by  recording  the  fidu- 
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cial  mark  in  the  long  channel.  As  shown  in  FIG.  lb, 
flip-flop  I is  set  to  its  “1”  state,  after  the  first  T'  time 
interval  following  the  rise  of  signal  A to  its  high  level 
and  is  returned  to  its  “0”  state  forty  timing  intervals 
5 later  immediately  after  the  first  T time  interval  follow- 
ing the  rise  of  signal  C to  its  high  level.  Flip-flop  I 
thereafter  continues  this  sequence,  being  alternately  in 
a “1”  and  “0”  state  every  forty  timing  intervals  through- 
out all  “fill”  operations  (indicated  by  Com')  and  at 
10  any  time  that  the  DDA  is  in  an  “idle”  condition  (defined 
by  QJ').  The  terms  defining  operation  of  flip-flop  I 
are: 

SPI  = AT'Com'  + Al'Q  J' 

8 9 

15  and 

ZPI  = IC 
10 

Insertion  or  recording  of  the  fiducial  mark  is  accom- 
20  plished  upon  the  first  T'  timing  interval  in  which  flip- 
flop  I is  in  its  “1”  state  and  flip-flop  A is  simultaneously 
in  its  “0”  state  (assuming,  as  shown  in  FIG.  lb,  that 
Insert  is  high).  At  this  time,  as  shown  in  FIG.  lb, 
signal  X is  raised  to  its  high  level  for  one  timing  interval 
25  to  thereby  reverse  one  of  the  “0”  valued  signals  being 
transferred  from  L to  M and  thereby  record  a single  “1” 
valued  signal  in  the  long  channel  as  the  fiducial  mark. 
The  term  which  defines  this  operation  is: 

30  X = Insert  I A'T  'Q'  J' 

11 

Note  that  term  11  includes  signals  Q'  and  J'.  Since 
flip-flops  Q and  J are  initially  zeroed  by  the  “clear” 
3g  operation,  it  is  certain  that  term  11  will  always  be  satis- 
fied for  the  insertion  of  the  fiducial  mark.  However  to 
prevent  recording  of  more  than  one  fiducial  mark,  we 
must  make  certain  that  term  11  is  no  longer  satisfied 
after  the  fiducial  mark  is  recorded.  To  accomplish  this, 
40  flip-flops  Q and  J are  set  to  their  “1”  states  at  the  same 
time  that  the  fiducial  mark  is  written  into  the  long  chan- 
nel (at  the  completion  of  the  single  timing  interval  in 
which  X is  at  a high  level).  In  this  manner  the  gating 
structure  defined  by  term  11  for  recording  the  fiducial 
mark  is  inactivated  after  it  has  accomplished  its  pur- 
pose. The  terms  involved  in  the  described  setting  of 
Q and  J are: 

SPQ= IA'T'Insert 
12 
50 

SPJ=Com'IA'T'Q. 

13 

Upon  the  setting  of  the  Q and  J flip-flops,  the  DDA  is 
55  in  its  so-called  “dawdle”  condition  in  which  the  only 
operation  that  occurs  is  normal  recirculation  of  signals 
in  the  long  and  short  channels  (and  also  the  described 
operation  of  the  I flip-flop).  The  “clear”  and  “mark” 
operations  have  now  been  entirely  completed  and  all  that 
60  remains  to  be  done  is  to  accomplish  a transition  from 
“dawdle”  (QJ)  to  “idle”  (QJ')  for  “idle”  is  the  starting 
condition  required  for  initiation  of  other  operations  by 
an  operator.  This  transition  from  “dawdle”  to  “idle”  is 
accomplished  at  time  t4  at  the  beginning  of  the  integrator 
65  section  following  the  rise  of  signal  Insertup  to  its 
high  level.  The  term  involved  is: 

ZPJ= I A'T 'Fillup  Shiftup  Insertup 

14 

70  where  the  factors  Fillup  and  Shiftup  will  be  ex- 
plained in  greater  detail  below.  During  “idle”  normal 
recirculation  of  signals  continues  without  change. 

The  “Fill’’  Operations  (“One,”  "Zero”  and  “Space”) 

75  After  the  “clear”  and  “mark”  operations  have  been 
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completed,  the  next  step  performed  by  an  operator  is  to 
fill  “1”  and  “0”  valued  signals  by  means  of  switches  58 
and  59  respectively  into  the  seventy-nine  vacant  cells  of 
that  integrator  section  in  which  the  fiducial  mark  has 
been  recorded  in  the  preceding  “mark”  operation.  As 
explained  hereinbefore  each  signal  being  filled  is  recorded 
initially  in  the  cell  following  the  fiducial  mark,  all  previ- 
ously recorded  signals  being  shifted  back  one  cell.  In 
this  manner  the  integrator  section  is  completely  filled 
after  seventy-nine  signals  have  been  serially  entered 
therein,  the  first  recorded  signal  then  occupying  the  last 
cell  of  the  integrator  section  while  the  last  recorded  sig- 
nal occupies  the  second  cell  (the  cell  following  the  fidu- 
cial mark). 

For  purposes  of  explanation  we  will  consider  the  in- 
sertion of  just  one  of  the  seventy-nine  signals,  since  the 
same  process  will  merely  be  repeated  for  the  insertion  of 
the  remaining  signals.  To  accomplish  the  filling  of  a 
signal  into  the  second  cell  of  the  integrator  section,  that 
signal  is  placed  in  flip-flop  B.  Upon  the  appearance  of 
the  fiducial  mark,  the  signal  in  B is  “effectively”  trans- 
ferred to  M to  thereby  be  recorded  in  the  second  cell  of 
the  integrator  section.  The  word  “effectively”  is  an  im- 
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ence  between  the  “space,”  “zero”  and  “one”  operations 
is  in  the  initial  condition  of  the  flip-flop  B.  In  the  “zero” 
and  “one”  operations  flip-flop  B is  initially  set  or  zeroed 
to  its  “1”  or  “0”  state  in  accordance  with  signals  entered 
5 by  an  operator.  In  the  “space”  operation,  the  initial  state 
of  B is  determined  by  the  value  of  the  previous  last  sig- 
nal of  the  integrator  section. 

That  circuit  structure  of  switches  58,  59  and  60  which 
is  associated  with  the  “one,”  “zero”  and  “space”  opera- 
10  tions  is  shown  in  FIG.  Id.  As  illustrated  in  FIG.  Id, 
switch  58  is  utilized  to  generate  signal  One  down, 
switch  59  generates  signal  ZerOaown,  and  switch  60 
generates  signal  Space . These  three  switches  are 
. connected  together  and  through  their  mutual  operation 
0 generate  signals  Fillup  and  Fill.  Switches  58,  59 
and  60  are  seen  to  include  keys  160,  161  and  162  re- 
spectively, which  are  normally  spring  loaded  to  an  up 
position,  each  of  these  keys  controlling  the  sequenced 
2o  action  of  three  contacts  of  their  associated  switches. 
The  following  table,  Table  3,  summarizes  the  contacts  of 
each  switch  and  their  action  during  a down  and  up  stroke 
of  their  associated  keys. 


TABLE  3 

[Switches  58,  59  and  60] 


Contacts 

Contact  action 

Switch 

Type 

Between 

Down  stroke 

Up  stroke 

(read  down) 

(read  up) 

58 

do 

A pole  166  and  conductor  Oneaown- 

do.. 

Do. 

59 

Normal  mate. 

A pole  167  and  a conductor  168 

Break 

Make. 

Do. 

60 

Do. 

portant  qualification  in  the  above  statement,  for  it  must  45 
be  understood  that  flip-flop  B does  not  actually  transfer 
its  signal  to  M but  instead  controls  (by  controlling  the 
X signal)  the  reversal  or  non-reversal  of  signals  trans- 
ferring from  L to  M in  such  manner  that  each  signal 
arriving  at  M corresponds  in  value  to  the  signal  held  in  B.  50 
This  control  of  the  L to  M transfer  by  flip-flop  B con- 
tinues throughout  the  passage  of  the  integrator  section 
containing  the  fiducial  mark.  It  will  beremembered  that 
each  signal  (with  the  exception  of  the  last  signal)  previ- 
ously stored  in  the  integrator  section  is  to  be  recorded  55 
one  cell  behind  its  previous  position.  To  accomplish  this, 
these  signals,  as  they  arrive  in  flip-flop  L are  transferred 
to  B and  (through  the  control  of  the  L to  M transfer 
by  B)  are  “effectively”  placed  in  M one  timing  interval 
later  to  be  thereby  recorded  in  the  integrator  section  one  60 
cell  behind  their  previous  positions.  The  control  of  sig- 
nal X by  B ends  when  the  last  signal  is  in  B and  before 
it  can  effect  M.  Thus  the  last  previously  recorded  signal 
is  not  recorded  in  the  integrator  section  but  is  retained 
in  B.  65 

The  retention  of  this  last  signal  in  B serves  no  purpose 
if  another  “1”  or  “0”  signal  is  to  be  filled  by  an  operator, 
for  in  this  event  the  new  “1”  or  “0”  signal  will  be  written 
into  B and  this  old  last  signal  will  be  lost.  However  the 
retention  of  this  last  signal  is  important  in  the  space  70 
operation,  for  then  this  last  signal  is  not  replaced  by  an 
entering  signal  but  is  instead  maintained  in  B and  is 
thereby  entered  in  the  second  cell  of  the  integrator  sec- 
tion in  the  same  way  that  a signal  is  entered  there  in 
the  “one”  and  “zero”  operations.  Thus  the  only  differ-  75 


As  shown  in  FIG.  Id  conductor  168  is  connected  to 
pole  163  and  conductor  172  is  connected  to  pole  167. 
Signal  Com'  is  applied  to  poles  165,  169,  176,  173  and 
174.  The  voltage  VH  is  applied  to  conductor  164  and 
pole  166.  Conductors  One  down,  Zeroaown,  Fillup, 
Fill  and  Space  are  connected  through  resistors  to 
the  source  of  voltage  Vl- 

Upon  depression  of  the  key  of  any  one  of  the  switches, 
first  signal  Fillup  drops  from  a normally  high  level 
to  its  low  level  (VL).  Next  signal  “Fill”  rises  from  a 
normally  low  level  to  a high  level  (the  high  level  of 
signal  Com')  . Finally  upon  the  completion  of  the 
down  stroke  of  the  switch  that  signal  (One down. 
Zero  down  or  Space)  which  is  associated  with  the 
switch  will  rise  to  its  high  level. 

For  example  if  switch  58  is  operated,  signal  One  down 
will  rise  to  its  high  level,  while  if  switch  59  or  60  is 
operated  signal  Zeroaown  or  Space  respectively  will 
be  generated.  During  the  return  stroke  of  a switch,  these 
signals  return  to  their  normal  levels  in  reverse  order. 
For  purposes  of  explanation,  the  waveforms  of  these  sig- 
nals are  shown  on  a common  time  scale  in  FIG.  Id,  each 
of  these  waveforms  being  set  forth  opposite  the  con- 
ductor on  which  it  appears.  In  addition  for  purposes  of 
illustration  of  operation  there  are  provided  on  the  same 
time  scale,  additional  waveforms  of  signals  J,  Q,  B and  a 
signal  IA'T'  (a  signal  which  is  high  whenever  I and  A' 
and  T'  are  simultaneously  high).  From  a consideration 
of  the  waveforms  shown  in  FIG.  la  it  is  clear  that  signal 
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IA'T'  uniquely  defines  the  appearance  in  A of  the  first 
phase  control  mark  of  each  integrator  section,  and  there- 
by defines  the  appearance  of  the  first  cell  of  each  in- 
tegrator section  (designated  the  “fiducial  cell”  since  the 
fiducial  mark  may  be  filled  into  any  one  of  these  cells). 

For  purposes  of  clarity  of  explanation,  each  excursion 
of  signal  IA'T'  which  marks  an  empty  fiducial  cell  is 
drawn  with  dotted  lines  while  that  excursion  which  marks 
a fiducial  cell  containing  a fiducial  mark  is  drawn  with 
solid  lines.  Vertical  dotted  lines  mark  times  t5,  ts,  tq  and 
ts  at  which  significant  events  occur  in  the  “one,”  “zero” 
and  “space”  operations.  All  waveforms  are  broken  be- 
tween /5  and  t6  to  indicate  passage  of  a considerable 
length  of  time  (sufficient  to  allow  the  fiducial  mark  to 
appear). 

In  the  “one,”  “zero”  and  “space”  operations,  the  DDA 
is  initially  in  its  “idle”  condition  (QJ').  During  this 
“idle”  condition  flip-flop  B may  be  set,  zeroed  or  left  in 
its  previous  state  in  accordance  with  the  rise  to  its  high 
level  of  one  of  the  signals  One  down.  Zero  down  or 
Space  respectively.  The  terms  involved  in  the  setting 
or  zeroing  of  B are: 

SpB  OnedownQJ 

15 

ZpB =ZerodownO.J 

16 

Signal  B is  shown  in  FIG.  7 d as  it  would  appear 
during  the  “One”  operation  and  is  therefore  shown  as 
rising  to  its  high  level  at  time  ts.  Later  when  the  fiducial 
mark  appears  in  flip-flop  L (IA'T'L),  flip-flop  Q is  zeroed 
and  the  computer  is  sent  into  an  “Action”  condition 
(Q'J').  This  “action”  condition  continues  throughout 
the  passage  of  the  integrator  section  containing  the  fidu- 
cial mark  and  it  is  during  this  “action”  condition  that 
flip-flop  B assumes  control  of  signal  X to  thereby  control 
the  L to  M transfer  in  the  described  manner.  The  term 
which  is  involved  in  the  zeroing  of  Q to  initiate  the 
“action”  condition  is: 

ZpQ.=IA'I'LJTB0nedown+B,ZerOdown+ Space] 

17 

The  term  which  defines  the  control  of  signal  X by  flip- 
flop  B is  the  following: 

Xp=FillQ' (LB'+L'B)  (I'+A  + T) 

18 

In  term  18  the  signal  function  (7'+A+T)  defines  those 
times  at  which  signal  IA'T'  is  not  at  its  high  level  and 
therefore  defines  the  omission  of  the  fiducial  mark  posi- 
tion from  the  action  state. 

In  term  18  the  Boolean  function  {LB'-t-L’B)  indicates 
that  signal  X will  be  high,  causing  a reversal  of  the  L to 
M transfer,  only  when  L and  B are  different.  Thus 
whenever  flip-flops  L and  B contain  different  valued  sig- 
nals, the  signal  in  L is  reversed  in  value  as  it  is  trans- 
ferred to  M and  is  thereby  made  to  agree  with  the  sig- 
nal in  B.  However  if  the  signal  in  L has  the  same  value 
as  in  B,  signal  X will  be  low  and  therefore  the  signal 
in  L will  be  transferred  unchanged  to  M.  In  this  man- 
ner so  long  as  term  18  is  satisfied,  flip-flop  B controls 
the  X signal  in  such  manner  that  signals  transferred  from 
L to  M are  reversed  or  non-reversed  to  agree  with  the 
signal  initially  placed  in  B and  the  signals  which  are 
successively  transferred  to  B from  flip-flop  L. 

Terms  15  and  16  which  define  the  initial  setting  or 
zeroing  of  flip-flop  B have  been  developed  hereinbefore. 
The  terms  which  define  the  transfer  of  signals  from  L 
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to  B during  the  passage  of  the  integrator  section  (while 
B controls  signal  X)  are  the  following  terms: 

SPB  = FillQ,'L 

5 19 

ZPB  = Fill  (I'  + A + T)  Q’L 

20 

10  At  the  end  of  the  integrator  section  containing  the 
fiducial  mark  (upon  the  next  IA'T')  flip-flops  Q and  I 
are  simultaneously  set  to  their  “one”  states  (at  time  tq) 
thus  sending  the  computer  in  its  “dawdle”  condition. 
Since  Q'  is  then  no  longer  high,  term  18  is  no  longer 
15  satisfied  and  therefore  flip-flop  B loses  control  of  the 
X signal  thus  suspending  the  “fill”  operation.  The  terms 
which  accomplish  the  setting  of  Q and  J at  time  tq  are 
the  following: 

SPQ=IA'T'Fill 


SPJ=Coa'IA'T'Q' 

13 

The  “dawdle”  condition  is  ended  upon  the  next  appear- 
ance of  a fiducial  cell  (IA'T')  following  the  rise  of  sig- 
nal Fillup  to  its  high  level.  At  this  time  flip-flop  I is 
zeroed  returning  the  computer  to  its  “idle”  condition  QJ'. 
30  The  term  involved  is: 

ZPJ=IA'T'  ( Fillup -Shif  tup -Insertup) 

14 

35  Step  Operation 

After  the  integrator  section  containing  the  fiducial 
mark  is  completely  filled  in  the  manner  described  herein- 
above, in  order  to  fill  the  next  integrator  section  it  is 
necessary  to  step  the  fiducial  mark  to  the  first  cell  (the 
40  fiducial  cell)  of  the  next  integrator  section. 

To  accomplish  this,  after  the  fiducial  mark  appears  a 
second  or  new  fiducial  mark  is  recorded  in  the  first  cell 
of  the  next  integrator  section.  Then  nothing  is  done 
until  the  original  fiducial  mark  reappears  (after  one  turn 
40  of  the  long  channel).  Upon  reappearance  of  the  original 
fiducial  mark  it  is  reversed  in  value  thus  effectively  eras- 
ing it.  Action  is  then  suspended  to  avoid  erasing  the 
new  fiducial  mark.  Thereafter  the  DDA  is  returned  to 
an  idle  condition. 

The  “step”  operation,  it  will  be  remembered  is  accom- 
plished by  actuation  of  switch  62  whose  structure  is 
shown  in  FIG.  7c.  Switch  62  is  seen  to  comprise  a pole 
175  which  is  normally  spring  loaded  to  an  up  position 
at  which  it  makes  contact  with  conductor  Shiftun 
and  is  depressible  to  a lower  position  at  which  it  makes 
contact  with  conductor  Shift.  Conductors  Shift, 
and  Shif  tup  are  connected  through  resistors  to  the 
source  Vx,,  while  as  shown  in  FIG.  7c  voltage  VH  is 
60  applied  to  pole  175.  Upon  a down  stroke  of  pole  175, 
first  signal  Shif  tup  drops  to  its  low  level  and  next  in 
sequence  signal  Shi’f  t rises  to  its  high  level.  During 
the  return  stroke  of  pole  175,  signals  Shift  and 
65  Shif  tup  return  in  reverse  sequence  to  their  normal 
voltage  levels  as  shown  in  the  waveforms  of  these  sig- 
nals presented  in  FIG.  7c  opposite  the  corresponding 
conductors. 

In  addition,  on  the  same  time  scale  there  are  provided 
70  waveforms  of  signals  J,  Q,  X and  IA'T',  signal  IA'T' 
again  being  drawn  so  that  voltage  excursions  drawn  with 
dotted  lines  indicate  empty  fiducial  cells  and  voltage  ex- 
cursions drawn  with  solid  lines  indicates  those  fiducial 
cells  in  which  fiducial  marks  appear.  The  time  constants 
75  and  inertia  of  switch  62  are  such  that  the  high  level  of 
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signal  “Shift”  will  always  have  a duration  extending  con- 
siderably over  one  turn  of  the  long  channel.  Vertical 
dotted  lines  indicate  times  tg,  t10,  tn  and  i12  at  which 
significant  events  occur  during  the  “step”  operation.  The 
■waveforms  shown  are  broken  before  t9,  tn  and  t12  to 
indicate  the  passage  of  time. 

Considering  now  in  detail  the  events  occurring  during 
the  “step”  operation,  at  time  tg  upon  the  first  appearance 
of  the  fiducial  mark  following  the  rise  of  signal  “Shift” 
to  its  high  level,  flip-flop  Q is  zeroed  to  take  the  com- 
puter out  of  its  “idle”  condition  QJ'  and  place  it  in  an 
“action”  condition  Q'J'.  The  term  which  defines  this 
zeroing  of  Q at  the  fiducial  mark  is: 

ZPQ= IA'T'L  J'Shift 

22 

Thereafter  at  time  ?10  upon  the  appearance  of  the  follow- 
ing fiducial  cell,  a signal  is  filled  into  that  cell  so  as  to 
record  a second  fiducial  mark.  The  original  fiducial 
mark  is  of  course  still  recorded  in  the  preceding  integrator 
section.  Insertion  of  this  second  or  new  fiducial  mark  in 
the  integrator  section  is  accomplished  by  raising  signal  X 
to  its  high  level  for  one  timing  interval  so  as  to  reverse 
the  “0”  valued  signal  in  the  fiducial  cell  as  it  is  trans- 
ferred from  L to  M thereby  recording  the  new  fiducial 
mark  in  the  fiducial  cell  of  the  integrator  section.  The 
term  in  the  X equation  which  defines  this  operation  is 
the  following: 

ZP=ShiftIA'T'Q'  ( J'  + L) 

23 

At  the  same  time  (time  iI0)  that  this  new  fiducial  mark 
is  recorded  in  the  long  channel,  flip-flop  J is  set  so  as  to 
send  the  DDA  into  a second  action  state  Q'J.  During 
this  Q'J  action  state,  term  22  will  not  be  satisfied,  for 
the  reason  that  signal  J',  which  it  requires,  is  no  longer 
at  its  high  level.  Setting  of  J in  the  described  manner 
at  time  ti0  is  defined  by  term  13  which  has  been  developed 
hereinbefore. 

The  situation  at  this  time  is  that  there  are  two  fiducial 
marks  recorded  in  the  fiducial  cell  of  two  successive  in- 
tegrator sections  in  the  long  channel.  The  first  fiducial 
mark  which  will  reappear  in  L will  be  the  old  or  original 
fiducial  mark  which  will  then  be  erased  by  reversing  it 
in  value,  while  the  second  fiducial  mark  to  appear  will 
be  the  new  fiducial  mark  which  must  be  left  unchanged. 
Consider  therefore  what  occurs  at  time  tn.  At  this  time 
the  original  fiducial  mark  reappears  in  flip-flop  L and 
since  signal  L will  then  be  at  a high  level,  term  23  for 
the  X signal  is  again  satisfied  so  that  X rises  to  its  high 
level  for  another  timing  interval  at  time  tn  and  thereby 
reverses  this  original  fiducial  mark  as  it  is  transferred 
to  M.  To  prevent  reversal  of  the  succeeding  (new) 
fiducial  mark  flip-flop  Q is  simultaneously  set  to  its  “1” 
state,  thereby  preventing  term  23  from  again  being  satis- 
fied. The  term  which  defines  this  setting  of  flip-flop  Q 
at  time  fn  is: 

SPQ= IA'T’LCom' 

24 

The  DDA  is  then  in  its  “dawdle”  condition  QJ  and 
thereafter  returns  to  its  “idle”  condition  at  time  t12  upon 
the  appearance  of  the  fiducial  cell  following  the  return 
of  signal  Shiftup  to  its  high  level.  Once  again  the 
term  which  defines  this  transition  from  “dawdle”  to  “idle” 
is  term  14  developed  hereinbefore. 

Start  Operation 

After  all  integrator  sections  have  been  filled  in  the 
described  manner  and  the  fiducial  mark  has  been  re- 
turned to  the  first  integrator  section  (or  any  desired 
integrator  section)  a computation  may  be  initiated.  To 


initiate  the  computation  an  operator  first  places  fill- 
compute  switch  56  in  its  lower  “Compute”  position, 
whereupon  signal  Com'  falls  to  its  low  level  and  signal 
Com  rises  to  its  high  level.  As  a result  of  these  changes 
® in  the  level  of  Com  and  Com'  switches  58,  59  and  60 
are  no  longer  effective  for  the  performance  of  the  “one,” 
“zero,”  and  “space”  operations  but  instead  become  oper- 
able for  the  performance  of  the  “stop,”  “start”  and 
20  “once”  operations.  Those  contacts  of  switches  59  and 
60  which  are  associated  with  “once,”  “start”  and  “stop” 
operations  are  shown  in  FIG.  7c. 

As  shown  in  FIG.  7e  a single  normal  break  contact  of 
switch  59  is  associated  with  the  generation  of  signal 
15  Start . Upon  depression  of  key  161  of  switch  59  a 
pole  180  to  which  signal  Com  is  applied  makes  con- 
tact with  conductor  Start  which  is  connected  through 
a resistor  to  the  source  of  voltage  VL.  Thus  upon  de- 
pression of  key  161,  Start  rises  to  its  high  level  and 

on  ; 

upon  release  of  key  161  signal  Start  falls  to  its  low 
level  as  shown  in  the  illustrative  waveform  provided  in 
FIG.  le. 

At  the  time  the  Start  operation  is  to  be  performed, 
25  the  DDA  will  be  in  its  “idle”  condition  QJ'.  To  start 
computation  all  that  is  required  is  to  go  out  of  “idle” 
to  an  action  condition  Q'J'.  To  accomplish  this  transi- 
tion flip-flop  Q is  zeroed  upon  the  first  appearance  of  a 
fiducial  mark  following  the  rise  of  signal  Start  to 
30  its  high  level.  The  term  which  defines  this  zeroing  of 
flip-flop  Q is: 


Computation  is  then  immediately  initiated  as  soon  as 
the  action  condition  Q'J'  is  established. 

"Stop”  Operation 

40  At  any  time  after  computation  has  been  started,  it  may 
be  stopped  by  actuation  of  switch  58.  To  “stop”  compu- 
tation the  computer  is  set  into  its  “idle”  state  QJ'  at  the 
appearance  of  a fiducial  mark.  As  shown  in  FIG.  le 
switch  50  includes  a single  normal  break  contact  which 
45  is  associated  with  the  stop  operation,  this  contact  being 
between  a pole  181  to  which  signal  Com  is  applied  and 
conductor  Stop  which  is  connected  through  a resistor 
to  the  source  of  voltage  VL.  Upon  depression  of  key  160 
of  switch  58  pole  181  makes  contact  with  conductor 
’’  Stop  whereupon  signal  Stop  rises  to  its  high  level, 
dropping  to  its  low  level  again  when  key  160  is  released. 
After  signal  Stop  goes  to  its  high  level  flip-flop  Q is 
set  at  the  next  appearance  of  the  fiducial  mark  and 
55  simultaneously  flip-flop  J is  zeroed.  In  this  manner  the 
DDA  is  set  to  its  “idle”  condition  QJ'.  The  term  defin- 
ing the  setting  of  flip-flop  Q at  the  fiducial  mark  is: 

SPQ=  IA'T'L  (St  op  + Single-St  op) 

60  26 

The  term  which  defines  the  zeroing  of  flip-flop  J is: 

ZPJ=IA'T'Com 

65  27 

Note  that  term  27  does  not  include  signal  L.  It  will 
be  remembered  that  IA'T'L  identifies  that  fiducial  cell 
in  which  the  fiducial  mark  appears.  Thus  it  is  clear  that 
70  flip-flop  J will  be  zeroed  upon  appearance  of  each  fidu- 
cial cell,  therefore  being  uniformly  placed  in  its  zero 
state  at  the  beginning  of  each  integrator  section. 

Once  Operation 

75  It  is  advisable  to  consider  the  “once”  operation  at  this 
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time  since  it  is  so  closely  related  to  the  “start”  and 
“stop”  operations.  The  “once”  operation  is  utilized  after 
the  computer  has  been  stopped  and  causes  the  perform- 
ance of  an  additional  “unit  computation,”  that  is  a compu- 
tation extending  over  one  turn  of  the  long  channel,  from  5 
one  appearance  of  the  fiducial  mark  to  the  following  re- 
appearance of  the  fiducial  mark.  The  DDA  since  it  has 
been  previously  stopped  is  in  an  “idle”  condition  and  is 
placed  in  its  action  condition  Q'J'  upon  an  appearance 
of  the  fiducial  mark.  Computation  is  then  performed  10 
until  the  fiducial  mark  reappears  and  at  this  time  the 
DDA  is  returned  to  its  “idle”  condition  QJ'.  The  follow- 
ing table,  Table  4,  summarizes  the  nature  and  action  of 
those  contacts  of  switch  60  which  are  associated  with 
the  performance  of  the  “once”  operation.  15 


TABLE  4 
[Switch  60] 


Contact 

Contact  action 

Type 

Between 

Down 

stroke 

(read 

down) 

Up  stroke 
(read  up) 

Normal  break— 
Do. — 

Pole  182  and  conductor  Single- 
Stop. 

Make 

Break 
__  T>n 

As  shown  in  FIG.  7e  signal  Com  is  applied  to  poles 
182  and  183  and  voltage  VL  is  applied  through  a resistor 
to  conductor  Single-Stop.  Conductor  184  is 
coupled  through  a capacitor  185  to  conductor  Single- 
Start  and  through  a resistor  to  a source  of  negative 
voltage  which  may  be  of  the  order  of  —60  volts.  Con-  35 
ductor  Single-Start  is  connected  through  a resistor 
to  a source  of  negative  voltage  which  may  be  of  the 
same  order  (—60  volts)  and  is  also  connected  to  a cath- 
ode of  a diode  186  whose  anode  is  connected  to  ground. 

Upon  actuation  of  switch  60  signal  Single-Stop  40 
first  rises  to  its  high  level  and  then  at  a later  time  re- 
turns to  its  low  level.  Signal  Single-Start  is  ini- 
tially at  a zero  voltage  level  (ground  level),  due  to  the 
clamping  action  of  diode  186.  If  it  be  assumed  that  45 
signal  Com  at  its  high  level  has  a voltage  level  of  about 
+35  volts,  then  upon  pole  183  making  contact  with  con- 
ductor 184,  the  voltage  on  this  conductor  is  raised  from 
its  former  level  of  —60  volts  to  a level  of  +35  volts, 
there  being  a total  change  in  voltage  of  +95  volts.  This  50 
sudden  change  in  voltage  is  communicated  through  ca- 
pacitor 185  to  conductor  Single-Start  thereby  rais- 
ing the  voltage  level  of  signal  Single-Start  from 
0 volts  to  +95  volts  (at  time  tn).  This  voltage  level  gg 
(which  is  stored  on  capacitor  185)  slowly  decays  until  at 
time  tn  it  has  dropped  so  low  that  it  no  longer  serves  as 
a high  level  signal  for  the  gating  network  to  which  it  is 
applied  but  instead  has  the  effect  of  a low  level  signal. 
Thus  the  time  interval  during  which  signal  Single- 
Start  may  be  considered  to  have  a high  level  volt- 
age, extends  from  time  tn  to  time  tu. 

The  time  constants  of  the  capacitor  charging  circuit 
are  adjusted  so  that  this  interval  is  long  enough  to  en- 
compass at  least  one  turn  of  the  long  channel,  thereby  65 
assuring  that  the  fiducial  mark  will  appear  at  least  once 
or  twice  during  this  time  interval.  Upon  the  first  appear- 
ance of  the  fiducial  mark  flip-flop  Q is  zeroed  thereby 
sending  the  computer  into  its  action  condition  Q'J'. 

The  terms  defining  the  zeroing  of  Q are  terms  25  70 
and  26  set  forth  hereinabove.  Since  initially  signals 
Single-Stop  and  Single-Start  are  both  at 
their  high  levels  when  the  fiducial  mark  appears,  both 
SQ  and  ZQ  pulses  are  simultaneously  produced  thereby 
triggering  Q to  reverse  its  state  from  the  “one”  state  ^ 
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to  the  “zero”  state.  When  the  fiducial  mark  reappears 
flip-flop  Q will  be  returned  to  its  “1”  state.  If 
the  reappearance  of  the  fiducial  mark  is  within  the 
time  interval  /13  to  tu  flip-flop  Q will  be  triggered  to 
its  “1”  state,  while  if  the  fiducial  mark  reappears  after 
time  t14  (but  while  Single-Stop  is  at  its  high  level) 
flip-flop  Q will  be  set  to  its  “one”  state.  In  either  event 
flip-flop  Q will  return  to  its  “one”  state  at  the  same  time 
that  flip-flop  J is  zeroed  in  the  normal  manner  thereby 
returning  the  DDA  to  its  “idle”  condition. 

The  Compute  Operations 

Once  computation  has  been  initiated  by  means  of  the 
“start”  operation  the  DDA  begins  to  perform  its  normal 
“compute”  operations.  Several  important  routine  opera- 
tions are  begun.  The  phasing  of  signal  I is  changed, 
as  described  hereinbefore  in  connection  with  FIG.  5,  so 
that  it  rises  to  its  high  level  only  after  the  appearance 
of  the  integrate  mark  rather  than  at  the  beginning  of 
each  integrate  portion.  As  indicated  by  FIGS.  4 and  5, 
during  computation  I is  raised  to  its  high  level,  immedi- 
ately after  appearance  of  the  integrate  mark  in  flip-flop 
M.  The  term  which  defines  the  setting  of  flip-flop  I at 
that  time  is: 

SPI=AT'M 

28 

The  terms  which  formerly  controlled  the  setting  of  I, 
terms  8 and  9,  are  no  longer  effective  at  this  time  since 
signal  Com'  is  no  longer  at  its  high  level  and  the  DDA 
is  not  in  its  “idle”  condition  QJ'. 

Other  routine  operations  that  are  uniformly  performed 
during  compute  are  that  flip-flop  P is  set  and  flip-flop  J 
is  simultaneously  zeroed  after  the  first  timing  interval  of 
each  integrator  section.  The  terms  involved  are: 

SpP  = IA'T' 

29 

ZpJ  = IA'I'Com 

27 

It  will  be  shown  hereinbelow  that  normally  flip-flop  Q is 
at  its  “0”  level  at  the  completion  of  passage  of  an  integra- 
tor section  and  will  be  in  its  “1”  state  only  if  the  Y number 
of  that  integrator  section  has  overflowed.  Since  flip-flop  J 
is  uniformly  zeroed  at  the  beginning  of  each  integrator 
section,  if  Q is  then  in  its  “1”  state  (indicating  overflow 
of  the  Y number  of  the  preceding  integrator  section)  the 
DDA  is  sent  into  its  “idle”  condition  QJ'.  This  is  the 
manner  in  which  automatic  stop  upon  overflow  is 
accomplished. 

However  in  normal  computation  as  stated  herein- 
before, flip-flop  Q will  always  be  in  its  “0”  state  as  an 
integrator  section  begins  its  passage.  Thereafter  during 
passage  of  the  integrator  section  (such  as  integrator  sec- 
tion 7 shown  in  FIG.  4)  the  operations  pertaining  to 
the  decode  and  integrate  portions  of  the  integrator  sec- 
tion are  performed. 

Decode  Operations 

During  passage  of  the  decode  portion  of  an  integrator 
section,  the  dx  and  dy  input  signals  are  formed.  We 
will  consider  first  the  formation  of  the  dy  input  signal. 

It  will  be  remembered  that  each  dy  decode  mark  filled 
into  the  decode  portion  of  an  integrator  section  has  the 
effect  of  selecting  a corresponding  dz  signal  from  the 
short  channel  for  use  in  forming  the  dy  input  signal. 
The  first  dy  decode  mark  to  appear  (assume  referring  to 
FIG.  4 that  it  is  a mark  in  cell  dys)  has  the  effect  of 
selecting  the  corresponding  dz  signal  (dz5)  as  it  appears 
in  flip-flop  B and  placing  it  in  flip-flop  Q.  The  term 
defining  this  transfer  of  a dz  signal  from  B to  Q in  re- 
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sponse  to  the  appearance  (in  flip-flop  M)  of  the  first  dy 
decode  mark  is: 

Sp8.= Coml'IC  J'MB 

30  5 

A ZpQ  term  for  this  operation  is  not  required  since 
it  can  be  assumed  that  Q was  initially  in  its  “0”  state 
(no  overflow  in  the  preceding  integrator  section).  The 
signal  J'  found  in  term  30  will  always  be  satisfied  for  io 
the  first  appearing  dy  decode  mark,  since  explained  be- 
fore flip-flop  J is  initially  zeroed  (see  discussion  in  con- 
nection with  term  27). 

As  the  first  dy  decode  mark  appears  in  flip-flop  M, 
flip-flop  J is  set  to  its  “1”  state  and  remains  in  this  state  15 
until  the  completion  of  the  decode.  Thus  during  passage 
of  a decode  portion  signal  J at  its  high  level  uniquely 
signifies  that  at  least  one  dy  decode  mark  has  already 
appeared.  The  term  defining  this  setting  of  flip-flop  J 
in  response  to  the  appearance  of  the  first  dy  decode  20 
mark  is: 

SP  J = Coml'TCQ'M 

31 

If  the  first  appearing  dy  decode  mark  is  also  the  only  25 
dy  decode  mark  in  the  decode  portion,  no  further  opera- 
tions are  needed  to  form  the  dy  input  signal  since  in  this 
event  flip-flop  Q is  left  unchanged  until  the  completion 
of  the  decode  portion,  whereby  the  dz  signal  which  has 
been  transferred  to  Q serves  as  the  dy  input  signal.  30 

However  if  additional  dy  decode  marks  (for  example 
marks  in  cells  rfy4,  dy2  and  dyt)  have  been  filled  in  the 
decode  portion,  the  initial  transfer,  hereinabove  described, 
of  a dz  signal  (dz5)  to  flip-flop  Q becomes  merely  the 
first  step  in  the  operations  (the  summation  dy  operations)  35 
by  which  the  dy  input  signal  is  formed  in  flip-flop  Q as 
the  highest  order  digit  of  a new  2 dy  number,  the  re- 
maining digits  (in  dinary  notation)  of  the  new  2 dy 
number  being,  it  will  be  remembered,  found  in  the  dx 
decode  cells  (dx4,  dx2  and  dx 4)  which  immediately  follow  40 
such  additional  dy  decode  marks. 

As  the  summation  dy  operations  begin  the  signals 
stored  in  these  cells  represent  lower  order  digits  of  the 
old  value  of  2 dy  (produced  in  the  preceding  turn  of  the 
long  channel).  The  new  2 dy  number  is  formed  by  add- 
ing  to  these  lower  order  digits  of  the  old  2 dy  number 
those  dz  signals  (dz5,  dz&,  dz2  and  dz\)  which  are  se- 
lected from  the  short  channel  by  the  dy  decode  marks. 

The  formation  of  the  new  2 dy  number  is  best  illus- 
trated by  a specific  example  which  will  be  carried  out 
with  reference  to  FIG.  4.  Assume  that  dy  decode  marks 
have  been  filled  into  cells  dyls  dy2,  dy4  and  dy5.  The  dz 
signals  selected  by  these  marks  are  then  in  reverse  order 
of  appearance: 

dz\,  dz2,  dz&>  dz-, 

It  will  be  assumed  that  these  signals  represent  respec- 
tively corresponding  values  of: 

+ 1,  +1)  — 1>  — 1 
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Signals  representing  the  lower  order  digits  of  the  old 
2 dy  number  are  found  in  reverse  order  of  appearance, 
in  cells: 

dxi,  dx2,  d. r4 

and  will  be  assumed  to  have  values  respectively  of: 

+1,  +1.  +1 

These  signals  (in  dx^  dx2  and  dx4)  represent  suc- 
cessively lower  order  digits  of  the  remainder  of  the  old 
2dy  number  in  dinary  notation.  According  to  the  dinary 
notation  each  successive  digit  is  a +1  or  —1  coefficient 
of  successive  powers  of  2 (contrast  this  with  the  binary 
number  notation  in  which  each  digit  is  a +1  or  0 co- 
efficient of  successive  powers  of  2).  As  utilized  in  the 
DDA,  the  last  appearing  signal  (the  +1  signal  in  dx i) 
is  considered  to  have  one-half  the  numerical  weight  of 
the  lowest  order  digit  jq  of  the  Y number  and  therefore 
represents: 

+ jX2-(n+l) 

where  2~n  is  the  weight  of  the  lowest  order  digit  jq  of 
the  Y number.  Stated  in  another  way  this  digit  may  be 
considered  to  represent  the  quantity: 

+14X2-“ 

In  the  same  manner  the  next  lower  order  digit  (the 
+ 1 digit  in  dx2)  represents  +V4x2~n  and  the  lowest 
order  digit  (the  +1  digit  in  dx4)  represents  Va  X2_n. 
The  value  of  the  number  made  up  of  these  digits  is 
therefore  (+14 +14+' VS ) X 2~n  or  +%X2~n.  To  sum- 
marize, the  dinary  number  +1  + 1+1,  with  the  described 
scaling  represents  (+14+14+V6)x2_n  or  %X2~n. 
This  is  the  value  of  the  remainder  of  the  old  2 dy 
number. 

Moreover,  as  utilized  in  the  DDA,  the  dz  signals  dz\, 
dz2  and  dz4  which  have  been  selected  by  the  dy  decode 
marks  are  considered  to  be  scaled  in  the  same  manner 
and  in  the  same  order.  Thus  the  + 1 value  of  dzi  repre- 
sents +14  X2~n,  the  + 1 value  of  dz2  represents  +!4  X2~n 
and  the  —1  value  of  dz4  represents  —Va  X2~n.  These 
signals  dzi,  dz2  and  dz4  may  thus  be  considered  to  repre- 
sent digits  of  a second  dinary  number  ( + 1 + 1—1) 
having  a value  of  (14+V4—  !4)X2~n  or  %x2~n. 

The  first  appearing  dz  signal,  signal  dz5,  is  treated  as 
will  be  shown  below  as  a digit  which  is  carried  into  the 
lowest  order  place  of  this  second  dinary  number  and 
therefore  having  the  same  weight  (14x2-n)  as  the  next 
appearing  dz  signal  (dz4).  The  quantity  represented  by 
the  —1  value  of  dzs  is  therefore  — 14x2“n.  The  total 
quantity  represented  by  these  selected  dz  digits  is  there- 
fore +%X2-n— Vs  X2_n  which  is  equal  to  %x2_n. 

As  stated  hereinbefore  the  new  2 dy  number  is  ob- 
tained by  adding  the  selected  dz  digits  to  the  remainder 
of  the  old  2 dy  number.  Thus  the  new  dy  number  should 
equal  (%x2-n)  + (%  X2~n),  the  value  of  the  new  2dy 
number  therefore  being  + l%X2~n. 

The  manner  in  which  this  addition  may  be  carried  out 
to  obtain  the  required  result  is  shown  by  Example  1 set 
forth  hereinbelow: 


EXAMPLE  1 


Scale 

l^-a 

l/2x2~n 

l/kr2~n 

l/8x2“ni  3./8x2-n 

Carry  digit 

© 

© 

Selected  dz  digits 

+1 

| h 

Raaaindar  of  old  Sidy 

+1 

+1 

+1  1 

Hsw  ISdy  t 

iL_ 

fi — ■ — — 

-1 

+1  , 

Hipest  order  Remainder  of  nsw  Slay 

digit  of  new 

Sdy 


+V8 

+7/8 


Hsw  STdy 
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Example  1 illustrates  the  addition  of  the  second  dinary 
number  (comprising  all  but  the  first  appearing  signal  of 
the  selected  dz  signals)  to  the  first  dinary  number  which 
represents  the  remainder  of  old  2 dy.  The  first  appear- 
ing dz  signal,  as  indicated  by  an  arrow,  is  utilized  as  a 
carry  digit  into  the  lowest  order  place  of  the  dinary  num- 
bers. Carry  digits  are  encircled  to  distinguish  them  and 
to  indicate  that  they  appear  only  in  flip-flop  Q. 

It  is  seen  referring  to  Example  1,  that  the  total  sum 
of  the  digits  in  the  lowest  order  (14x2_n)  column  is 
— 1 (representing  —Va).  In  the  dinary  notation  as 
shown  in  FIG.  1 this  value  of  —Vs  is  made  up  of  a 0 
carry  digit  (representing  —14)  and  a +1  sum  digit  (rep- 
resenting +Va ) in  the  new  2 dy. 

Referring  to  the  next  order  (14x2_n)  column,  the 
total  sum  of  the  digits  in  this  column  is  +1,  signifying 
+14  and  is  made  up,  as  shown,  of  a 0 carry  digit 
(representing  +14)  and  a —1  sum  digit  (representing 
—14)  in  new  2 dy. 

Referring  to  the  next  order  (Vi  X2-n)  column,  the 
total  sum  of  the  three  digits  in  this  column  is  +3  signi- 
fying + I!4x2-n  and  is  made  up,  as  shown,  of  a 0 
carry  digit  (representing  +1)  and  +1  sum  digit  (repre- 
senting 14).  The  0 carry  digit  produced  here  may  be 
considered  to  represent  the  highest  order  digit  of  the 
new  2 dy  number  and  accordingly  is  not  stored  on  the 
drum  but  is  carried  over  in  the  Q flip-flop  as  the  dy 
input  signal  to  the  succeeding  integrate  portion  while 
the  sum  digits  +1  — 1 +1  are  recorded  in  the  dxx,  dx2 
and  dx±  decode  cells  as  the  remainder  of  the  new  2 dy. 
The  new  2 dy  number  therefore  comprises: 

+i  —l  +i 

Highest  order"^  Beminder  of  new  2 dy 

digit  of  new 
2 dy 

which  is  equivalent  to  the  required  value  of: 

0 +14  — H +M  or  +i  H 

It  is  appropriate  now  to  present  the  general  rules 
which  govern  the  addition  of  the  digits  of  the  first  and 
second  binary  numbers.  We  present  in  Table  5 below 
all  of  the  eight  possible  ways  in  which  a dz  digit  and 
a corresponding  digit  of  old  2 dy  can  be  added  with  a 
carry  digit  to  produce  resultant  sum  and  carry  digits: 

TABLE  5 


dz  digit 

Old  2 iy 
digit 

Carry 

digit 

Sum  digit 
new  'Ldy 

Carry  digit 
new  Xdy 

-1 

-1 

+i 

+i 

-X 

-1 

-1 

-X 

-X 

-1 

—1 

+1 

+i 

-1 

+i 

-X 

+1 

-X 

+i 

-X 

+i 

-1 

+1 

-X 

+i 

+i 

-X 

-X 

+1 

-X 

+i 

+1 

+1 

+1 

+1 

+i 

+1 

-X 

-X 

+1 

The  manner  in  which  Table  5 is  formed  may  be 
summarized  as  follows:  Whenever  three  digits  (a  dz 
digit,  summation  dy  digit  and  carry  digit)  are  to  be 
added,  it  will  be  recognized  that  at  least  two  of  the  digits 
must  be  identical,  while  the  third  digit  may  have  either 
the  same  or  opposite  values  as  the  like  digits.  The  sum 
of  the  two  like  digits  is  represented  by  a like  valued 
carry  digit,  while  the  third  digit  is  represented  by  a like 
valued  sum  digit.  Since  the  carry  digit  has  twice  the 
weight  of  the  digits  being  added,  it  clearly  represents  the 
sum  of  the  two  identical  digits. 

In  the  actual  operation  of  the  DDA  one  of  the  opera- 
tions generally  defined  by  Table  5 above  is  carried  out 
each  time  a dy  decode  mark  (excepting  the  first  such 
mark)  appears  in  flip-flop  M.  At  this  time,  the  dz  digit 
which  is  selected  by  the  dy  decode  mark  is  in  flip-flop  B, 
the  old  2 dy  digit  appears  in  flip-flop  L,  and  the  carry  digit 
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it  will  be  remembered  is  held  in  flip-flop  Q.  The  re- 
sultant sum  digit  is  then  written  into  its  proper  cell  in  the 
long  channel  by  placing  it  in  flip-flop  M (through  re- 
versal or  non-reversal  of  the  L to  M transfer  by  means 
5 of  the  X signal)  while  at  the  same  time  the  new  carry 
digit  is  placed  in  flip-flop  Q. 

The  +1  and  —1  values  of  the  dz  digits  are  repre- 
sented by  “1”  and  “0”  valued  signals  respectively  in  flip- 
flop  B and  the  +1  and  —1  values  of  carry  digits  are 
10  similarly  represented  by  “1”  and  “0”  valued  signals  in 
flip-flop  Q.  Although  the  2dy  digits  could  be  represented 
in  the  same  manner,  the  present  DDA  reverses  this  rep- 
resentation, + 1 and  —1  being  represented  by  “0”  and 
“1”  valued  signals  respectively,  in  order  to  simplify  the 
15  gating  structure.  Table  5 is  rewritten  herebelow  as 
Table  6,  with  the  appropriate  signal  values  substituted 
for  the  +1  and  —1  values  of  the  digits,  thus  providing 
a truth  table  from  which  proper  ZpQ,  SPQ  and  Xp  terms 
can  be  developed. 

20  TABLE  6 


dz  signal 
in  B 

Old  2dy 
in  L 

Carry  in 
Q 

Sum  of 
new  H,dy 
in  M 

Carry  of 
new  ~Zdy 
in  Q 

Signal 

X 

0 

1 

1 

0 

0 

1 

0 

1 

0 

1 

0 

0 

0 

0 

1 

1 

1 

1 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

X 

0 

X 

1 

0 

0 

0 

1 

X 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

1 

Referring  to  Table  6,  since  the  sum  in  M is  to  be  ob- 
tained by  reversing  or  not  reversing  the  signal  in  L as  it 
is  transferred  from  L to  M,  it  is  clear  that  to  effect  this, 
35  signal  X should  be  at  its  high  1 level  whenever  such  a 
reversal  is  to  be  accomplished  and  should  otherwise  be 
at  a low  0 level.  A column  defining  the  required  levels 
of  signal  X is  provided,  a “1”  being  entered  in  this  col- 
umn for  each  disagreement  between  the  signal  in  L and 
40  the  signal  which  is  to  be  entered  in  M. 

To  obtain  the  term  which  defines  signal  X at  this  time, 
it  is  necessary  to  define  signal  X in  terms  of  the  presently 
occurring  signals  in  L,  B and  Q.  It  is  clear,  upon  ex- 
4_  animation,  that  signal  X has  a 1 value  only  when  the 
0 signals  in  B and  Q are  different.  This  condition  is  de- 
fined by  the  logical  algebraic  expression  (B+g)(B'+Q') 
which  is  only  satisfied  (has  a 1 value)  when  B and  Q 
have  different  values.  The  complete  term  which  defines 
gQ  X at  this  time  is: 

XP=GomTCMJ (Q+B)  (Q'+B') 

32 

In  term  32  ComTC  defines  time  T in  “compute- 
decode,”  signal  M defines  the  appearance  at  this  time  of 
a dy  decode  mark  in  M,  and  signal  T indicates  that  there 
has  been  at  least  one  previous  dy  decode  mark,  as  de- 
fined by  term  31  set  forth  above. 

00  In  a similar  manner,  appropriate  SPQ  and  ZPQ  terms 
can  be  developed  from  Table  6.  It  is  seen  on  examina- 
tion that  the  new  value  of  Q can  be  obtained  if  Q is  set 
each  time  the  condition  L'B  is  satisfied  and  zeroed  each 
time  the  condition  LB'  is  satisfied.  The  complete  SPQ 
65  and  ZpQ  terms  are  therefore: 

SPQ  = ComT  CM  JL'B 

33 

70  ZPQ.=  ComTCM  JLB' 

34 

We  have  now  derived  all  of  the  terms  which  are  asso- 
ciated with  the  formation  of  the  dy  input  signal  and  have 
75  laid  particular  stress  on  explanation  of  the  2dy  opera- 
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tions  in  which  the  dy  input  signal  is  formed  (in  Q)  as 
the  last  carry  resulting  from  the  formation  of  the  2dy 
number,  a number  whose  lower  order  digits  are  stored 
in  those  dx  decode  cells  which  immediately  follow  all 
but  the  first  appearing  mark  of  the  dy  decode  marks  5 
which  have  been  filled  into  the  decode  portion. 

It  is  appropriate  now  to  consider  the  formation  of  the 
dx  input  signal.  Upon  appearance  of  a dx  decode  mark 
in  L at  time  T in  decode  (TCL),  the  corresponding  dz 
signal  in  flip-flop  B is  transferred  to  flip-flop  P to  remain  10 
stored  there  until  the  completion  of  the  decode  portion. 
Since  P is  initially  set  (see  discussion  in  connection  with 
term  29)  we  need  only  consider  the  zeroing  of  P which 
will  occur  if  a “0”  valued  dz  signal  is  in  B.  Moreover 
it  is  necessary  that  the  DDA  does  not  perform  this  zero-  15 
ing  operation  in  response  to  signals  which  are  actually 
digits  of  2 dy  rather  than  true  dx  decode  marks,  and 
therefore  the  operation  is  only  performed  if  the  condi- 
tion (M'-J-i')  is  satisfied — that  is  if  the  immediately 
preceding  signal,  now  in  M,  has  a “0”  value  indicating  20 
that  it  is  not  a dy  decode  mark  or  if  flip-flop  J is  in  a 
“0”  state  indicating  that  the  dy  decode  mark,  if  present, 
is  the  first  appearing  dy  decode  mark.  The  term  which 
defines  this  operation  is: 

25 

ZPP=  (Q'  + J)  TCLB'  (M'+ J') 

35 

In  term  35  the  signal  functions  ( Q’+J ) signifies  “not 
idle”  and  determines  that  the  described  operation  will  not  30 
be  performed  if  the  DDA  enters  its  “idle”  condition. 

“Integrate"  Operations 

We  have  now  completed,  for  the  most  part,  description 
of  those  operations  which  occur  during  passage  of  a de-  35 
code  portion  of  an  integrator  section  (such  as  integrator 
section  7 shown  in  FIG.  4),  and  we  are  now  in  a posi- 
tion to  consider  those  operations  which  are  performed 
during  passage  of  the  succeeding  integrate  portion  (this 
passage  being  indicated  at  time  T'  by  AT'  and  at  time  T 40 
by  TC'). 

At  the  time  that  the  decode  portion  is  completed  the 
following  conditions  prevail: 

The  dx  input  signal  is  in  flip-flop  P 

The  dy  input  signal  is  in  flip-flop  Q ‘i:> 

The  “old”  dz  signal  which  is  to  be  erased,  is  in  flip-flop  B 

As  shown  in  FIG.  4 this  old  dz  signal  is  dz$  which 
was  in  the  last  cell  of  the  short  channel  and  now 
appears  in  flip-flop  B at  the  completion  of  pre-  50 
cession  of  the  dz  signals.  The  new  dze  signal 
has  already  been  written  into  the  short  channel 
and  the  old  dze  must  be  removed. 

Initial  Integrate  Operations — Sign  Reversal,  Exchange 
and  Settings  of  P,  Q and  B 

During  passage  of  the  integrate  portion,  if  a sign  re- 
versal mark  has  been  filled  into  the  integrate  portion  it 
has  the  effect  as  it  appears  in  L of  triggering  or  revers- 
ing the  state  of  flip-flop  P so  as  to  at  this  time  reverse  qq 
the  sign  of  the  dx  input  signal.  The  terms  defining  this 
triggering  operation  are: 

SPP=AT'L 

36  65 

ZPP=AT'L 

37 

It  is  clear  from  a consideration  of  terms  36  and  37  70 
that  these  terms  will  be  effective  throughout  the  passage 
of  the  integrate  portion  for  triggering  flip-flop  P.  Thus 
during  such  passage  any  “1”  valued  signal  appearing  in 
flip-flop  L at  time  T'  will  have  the  effect  of  triggering  P. 
Flip-flop  P will  therefore  be  again  triggered  if  there  is  75 
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an  exchange  mark  and  will  also  be  triggered  for  each 
appearance  in  L of  any  of  the  signals  y1;  y2  . . . yn  or 
Jn+i  at  its  high  level.  The  significance  of  these  later 
triggerings  of  flip-flop  P will  be  explained  in  connection 
with  the  exchange  operation  and  with  the  operations 
associated  with  the  addition  of  the  Y number  to  the 
R number  (the  Y-\-R  addition). 

After  passage  of  the  first  cell  of  the  integrate  portion 
(that  cell  in  which  a sign  reversal  mark  may  be  filled), 
the  appearance  in  L at  time  T of  the  first  “0”  mark  of 
the  integrate  portion  has  the  effect  of  uniformly  causing 
flip-flop  B to  be  set  to  its  “1”  state,  regardless  of  the 
previous  state  of  flip-flop  B.  In  this  manner  the  old  dz 
signal  contained  in  flip-flop  B is  effectively  erased.  The 
term  defining  this  uniform  setting  of  flip-flop  B is  the 
following: 

SPB=ComI'TC'L' 

38 

Following  the  first  “0”  mark  of  the  integrate  portion 
there  may  be  additional  “0”  marks  which  are  placed 
there  to  shorten  the  length  of  the  succeeding  Y and  R 
numbers.  As  shown  in  FIG.  4,  there  is  only  a single  “0” 
mark  and  the  following  cell  is  reversed  for  an  exchange 
mark  which  may  be  filled  into  that  position,  while  the 
succeeeding  cell  contains  the  integrate  mark.  It  will  be 
remembered  that  the  presence  of  an  exchange  mark  in- 
dicates that  the  dx  and  dy  inputs  in  P and  Q are  to  be 
treated  as  though  they  were  exchanged  with  respect  to 
further  operations  of  the  DDA.  In  other  words  the 
signal  in  Q is  to  be  treated  as  though  it  were  the  dx 
signal  and  the  signal  in  P is  to  be  treated  as  though  it 
were  dy. 

Now  in  the  normal  operation  of  the  DDA,  assuming 
that  there  is  not  an  exchange  mark,  as  the  integrate  mark 
appears  in  L the  dy  input  signal  is  held  in  Q and  the  dx 
input  signal  is  held  in  P.  At  the  beginning  of  the  next 
timing  interval,  flip-flop  B which  has  been  previously  set 
to  its  1 state,  is  zeroed  if  dx  and  dy  have  different  values 
and  at  the  same  time  the  dy  input  signal  held  in  Q is 
transferred  to  P so  that  dy  appears  in  both  P and  Q. 
Flip-flop  B is  thereafter  used  as  a carry  flip-flop  in  the 
Y+i?  addition  and  flip-flop  P is  utilized  as  a so-called 
“y+ carry”  flip-flop  in  the  Y+dy  addition.  Flip-flop  Q 
is  utilized  as  a carry  flip-flop  in  the  Y-\-dy  addition. 

The  terms  defining  the  transfer  of  the  dy  signal  from 
Q to  P are  the  following: 

SPP  = Com'TC'LM'Q 

39 

ZpP=ComI'TC'LM'Q.' 

40 

where  the  signal  L indicates  the  presence  of  the  integrate 
mark  in  L and  the  signal  M'  indicates  the  absence  of  a 
preceding  exchange  mark. 

The  term  defining  the  zeroing  at  this  time  of  flip-flop  B 
if  dx  (in  P)  and  dy  (in  Q)  have  different  values  is: 

ZPB  = ComITC'L  (P+0.)  (P+Q') 

41 

Next  we  consider  the  special  case  which  occurs  if  an 
exchange  mark  is  present  indicating  that  the  signal  ini- 
tially in  Q is  to  be  viewed  as  the  dx  signal  and  that  the 
signal  initially  in  P is  to  be  viewed  as  the  dy  signal. 
The  zeroing  of  flip-flop  B cannot  be  affected  since  this 
depends  only  upon  dx  and  dy  having  different  values  and 
cannot  be  varied  by  the  position  of  these  signals.  The 
end  result  desired  is  that  dy  appears  in  both  P and  Q 
and  therefore  to  accomplish  this  P (which  is  now  viewed 
as  holding  dy)  transfers  to  Q so  that  thereafter  dy 
appears  in  both  P and  Q. 
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Following  now  such  an  exchange  operation,  as  the 
exchange  mark  appears  in  L it  has  the  same  effect  as  a 
sign  reversal  mark,  as  determined  by  terms  36  and  37 
and  therefore  at  this  time  flip-flop  P is  triggered  to  re- 
verse the  sign  of  what  is  now  considered  to  be  the  dy 
signal.  If  sign  reversal  is  not  desired  a preceding  sign 
reversal  mark  may  be  provided  (the  two  sign  reversals 
cancelling) . 

As  the  exchange  mark  passes  into  M,  dy  (considered 
to  be  in  P)  transfers  to  Q so  that  thereafter  dy  appears 
in  both  P and  Q.  The  terms  defining  the  transfer  of 
the  dy  signal  from  P to  Q in  response  to  the  appearance 
of  the  exchange  mark  in  M are: 

SPQ=ComI'TC'LMP 

42 

ZPQ=ComI'TC'LMF' 

43 

From  the  preceding  discussion,  the  general  nature  of 
the  exchange  operation  may  be  understood.  However 
for  a true  understanding  of  the  reasons  for  the  described 
initial  settings  of  flip-flops  B,  P and  Q it  is  necessary  to 
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of  adding  one  or  subtracting  one  from  a number  in  dif- 
ference form.  The  process  of  adding  one  can  be  con- 
sidered by  examining  the  digit  changes  occurring  as  the 
difference  numbers  increase  by  one  (from  3 to  4,  4 to 
g 5 . . . etc.)  and  the  process  of  subtracting  one  can  be 
considered  by  examining  the  digit  changes  occurring  as 
the  difference  numbers  decrease  by  one  (from  8 to  7, 
7 to  6,  etc.).  Such  an  examination  quickly  reveals  that 
two  successive  difference  numbers  differ  in  only  two  digits. 
10  The  least  significant  digits  are  always  different.  The 
other  digit  pair  to  differ  will  always  immediately  follow 
the  least  significant  1 digit  in  the  higher  valued  differ- 
ence number. 

Although  the  particular  process  for  achieving  the 
jg  Y+dy  addition  set  forth  above  may  be  accomplished  in 
a number  of  different  ways,  the  process  utilized  in  the 
present  DDA  was  selected  so  as  to  minimize  the  gating 
circuitry  required.  In  particular,  in  the  Y+dy  addition, 
the  DDA  utilizes  the  previously  established  X circuit  for 
20  controlling  the  L to  M transfer  and  thereby  control  the 
reversal  or  non-reversal  of  the  y digits.  In  addition,  the 
process  utilizes  a carry  signal  which  is  held  in  flip-flop  Q 
for  controlling  the  X circuit.  The  following  tabulation 
is  illustrative  of  this  process. 

Tabulation  1 
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Old  Y difference  number 
Carry  digits  in  Q,  0 
New  Y difference  number 


consider  in  detail  the  nature  of  the  Y+dy  addition  and  30 
the  Y+R  addition. 

The  Y-\-dy  Operations 

It  will  be  remembered  that  during  passage  of  the  in- 
tegrate portion,  the  +1  or  —1  dy  input  (which  is  held  35 
in  Q)  is  added  to  the  Y number  stored  therein  (the 
old  Y number)  and  the  resultant  new  Y number  is  re- 
written. This  is  accomplished  by  selectively  reversing 
or  not  reversing  the  digits  of  (yi,  y2,  y3  . . . yn,  yn+i) 
of  the  old  Y number  as  they  are  transferred  from  L 40 
to  M. 

It  will  also  be  remembered  that  the  Y number  is  not 
written  in  normal  binary  form  but  is  written  in  what  has 
been  called  difference  form  and  which  is  closely  related 
to  the  binary  form.  The  following  rules  define  the  re-  4o 
lationship  between  the  digits  of  a number  in  difference 
form  (a  difference  number)  and  the  digits  of  an  equiva- 
lent binary  number.  The  first  or  lowest  order  digit  of 
a difference  number  is  the  same  as  the  lowest  order  digit 
of  the  equivalent  binary  number.  The  second  digit  of  50 
the  difference  number  is  a 1 if  the  corresponding  (sec- 
ond) digit  of  the  binary  number  is  different  from  the 
preceding  (first)  digit  of  the  binary  number,  and  is  a 0 
if  these  two  digits  of  the  binary  number  are  alike.  In 
the  same  manner  each  succeeding  digit  of  the  difference  55 
number  is  a 1 only  if  the  corresponding  digit  of  the 
binary  number  is  different  from  the  preceding  digit  of 
the  binary  number  and  is  a 0 if  these  two  digits  of  the 
binary  number  are  alike. 

Table  7,  provided  below  for  purposes  of  illustration,  60 
shows  equivalent  binary  and  difference  forms  for  the 
numbers  three  through  eight.  The  five  lowest  order  digits 
of  these  numbers  are  shown. 

TABLE  7 65 


Number 

Binary 

form 

Difference 

form 

..00011 

..00101 

..00100 

..01100 

..00101 

. . 01111 

..00110 

..01010 

. . 00111 

. . 01001 

. . 01000 

..11000 

We  are  of  course,  particularly  interested  in  the  process  75 


It  is  assumed,  referring  to  Tabulation  1,  that  y1( 
y2  ■ • - yn>  yn+i  are  successive  digits  of  the  old  Y differ- 
ence number  (as  they  appear  in  flip-flop  L)  and  that 
yinew,  y2new  • • • ynnew,  yn+inew  are  the  corresponding 
digits  which  will  be  formed  (in  M)  of  the  new  Y differ- 
ence number.  Q1(  Q2  . . . Qn,  Qn+1  are  the  successive 
carry  signals  which  are  held  in  flip-flop  Q.  The  initial 
value  it  will  be  remembered,  which  is  held  in  Q at  the 
start  of  the  addition  is  dy  which  is  0 for ' subtraction 
and  1 for  addition. 

The  first  step  in  performing  the  Y+dy  addition  is 
that  y3  is  uniformly  reversed  in  value  (as  it  is  transferred 
from  L to  M)  to  form  the  corresponding  digit  y3new  cf 
the  new  Y number.  The  term  defining  this  operation  is: 

Xp=ComI'AT'MJ 

44 

The  remaining  step  to  be  performed  is  the  location  of 
the  least  significant  1 in  the  higher  valued  difference 
number  and  the  reversal  of  the  immediately  following 
digit.  As  set  forth  above,  this  reversal  is  to  be  con- 
trolled by  flip-flop  Q.  In  particular,  the  reversal  is  ac- 
complished by  setting  Q to  0 whenever  the  least  sig- 
nificant 1 is  found,  and  controlling  X by  the  term: 

X=ComIAT'Q'J 

45 

Accordingly,  all  that  remains  is  to  establish  in  flip- 
flop  Q the  proper  values  for  performing  the  operation 
defined  above.  The  following  truth  table,  Table  8,  de- 
fines all  of  the  possibilities  for  yi013,  yinew,  Qi  and  Q2  at 
the  end  of  the  first  step. 

TABLE  8 


Qi 

7l'd 

yf’ 

Qa 

1 

0 

1 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

0 

0 

It  can  be  seen  from  Table  8,  that  whether  the  y+dy 
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addition  is  add  1 (2i=l)  or  subtract  1 (Qi=0),  ytnew 
-is  reverse  or  complement  of  yiola.  The  state  of  Q2,  on 
the  other  hand  is  dependent  upon  Qj.  More  particu- 
larly, if  Qi=  1 then  the  digit  of  the  higher  valued  differ- 
ence number  is  yjnew,  and  Q must  be  set  to  1 when  yinew 
is  0 and  set  to  0 when  y1new  is  1.  On  the  other  hand, 
when  <2i=0,  the  digit  of  the  higher-valued  difference 
number  is  >’1o!d  and  Q must  be  set  to  1 and  0 when  j>i0]d 
is  0 and  1,  respectively. 

From  Table  8,  therefore,  it  is  readily  seen  that  Q must 
be  reversed  only  when  y1new  (which  is  in  M)  is  1,  and 
should  remain  the  same  under  all  other  conditions.  The 
terms  defining  this  reversing  or  triggering  operation  are: 

SpQ  = ComITMJ 

46 


ZPQ=ComITMJ 

47 

Once  Q2  has  been  formed,  the  next  step  in  the  Y+dy 
addition  is  to  form  y2new,  The  rule  that  is  followed  is 
that  set  forth  above,  namely,  if  Q2  is  0 then  y2  will  be 
reversed  (in  transferring  from  L to  M)  to  form  y2new, 
while  if  Q2  is  a 1 then  y2  will  not  be  reversed  in  form- 
ing y2new.  Succeeding  carries  are  formed  in  the  same 
way  that  Q2  was  formed — that  is  flip-flop  Q is  triggered 
whenever  the  preceding  ynew  is  a 1.  Terms  46  and  47 
therefore  account  for  the  formation  of  succeeding  carries. 
Also  succeeding  ynev/  signals  are  formed  in  the  same 
way  that  y2new  was  formed — by  reversal  of  the  y digit 
if  the  corresponding  carry  in  Q is  a 0.  Therefore  term 
45  continues  to  govern  the  formation  of  succeeding  ynew 
digits. 

Whenever  any  of  the  carries  Q2,  Q3,  Q4  . . . etc.  is 
formed  as  a 0,  the  next  reversal  of  y to  ynew  is  performed 
in  the  usual  manner  (this  being  the  described  second 
digit  reversal  in  the  Y+dy  addition)  and  thereafter  all 
of  the  described  operations  associated  with  the  Y+dy 
addition  are  suspended,  normal  (unreversed)  L to  M 
transfers  taking  place  thereafter  so  that  the  remaining 
digits  of  the  Y number  are  rewritten  unchanged  and 
Q stays  in  its  0 state  for  the  remainder  of  the  integrate 
operation. 

To  accomplish  such  suspension  of  operation,  flip-flop 
J is  zeroed  whenever  Q goes  to  its  “0”  state.  The  term 
defining  this  operation  is: 

ZPJ=ComIAT'Q' 

48 

It  will  be  noted  that  terms  45,  46  and  47  all  require 
signal  J at  its  high  level  and  therefore  it  is  clear  that 
after  J is  zeroed  the  operations  defined  by  these  terms 
will  no  longer  be  performed. 

Understanding  of  the  described  processes  for  perform- 
ing the  Y+dy  addition  Will  be  assisted  by  consideration 
of  a specific  example  which  is  illustrated  herebelow  in 
Tabulation  2. 
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value  of  7X2~n,  to  thereby  form  a new  Y difference 
number  having  a value  of  8 X 2~n.  The  format  of  Tabu- 
lation 2 is  essentially  the  same  as  that  of  Tabulation  1. 
Following  now  through  this  example,  first  yx  is  uniformly 
5 reversed  to  form  yinew.  Since  y1n-w  is  a 0,  Q is  not 
changed  and  therefore  retains  its  1 value  (Q2).  Because 
Qa=l,  y2  is  not  reversed  in  forming  y2new=0.  These 
operations  continue  in  the  same  manner  until  £>5=0  is 
formed.  The  second  reversal  y5=0  to  ysnew=l  is  then 
10  performed  and  at  that  time,  flip-flop  J is  zeroed  to  thereby 
suspend  the  described  operations.  Flip-flop  Q then  re- 
mains in  its  “0”  state  for  the  remainder  of  the  Y number 
and  succeeding  y digits  are  transferred  unchanged  from 
L to  M to  form  corresponding  ynew  digits.  Referring 
15  to  Table  7 one  can  verify  that  the  difference  number  8 
has  indeed  been  obtained  from  the  difference  number  7. 

It  can  be  seen  from  a consideration  of  a few  examples 
that  the  carry  digits  which  are  held  in  Q during  the 
course  of  the  Y+dy  addition  actually  correspond  ex- 
20  actly  to  the  binary  carries  or  borrows  which  would  be 
respectively  produced  by  the  addition  (dy=+l ) or  sub- 
traction (dy—~  1)  of  one  from  the  Y number,  if  the 
Y number  were  in  binary  form  rather  than  in  difference 
form.  From  this,  it  is  clear  that  Q remaining  in  its 
25  1 state  at  the  completion  of  the  passage  of  the  Y num- 
ber indicates  that  a carry  or  borrow  has  been  produced 
(by  the  addition  or  subtraction  of  one  from  the  Y num- 
ber) which  has  propagated  the  length  of  the  Y number 
and  has  finally  resulted  in  overflow  of  the  Y number. 
30  Thus  as  explained  before  Q in  its  1 state  at  the  comple- 
tion of  the  Y number  indicates  overflow  while  Q in  its 
0 state  at  that  time  indicates  no  overflow.  Any  overflow 
indication  in  Q is  utilized  as  herebefore  explained  to 
initiate  an  automatic  stop  of  the  DDA. 

35 

The  Y-f-R  Addition  Process 

As  explained  hereinbefore,  during  passage  of  the  in- 
tegrate portion  of  an  integrate  section  the  binary  digits 
40  of  the  new  R number  are  formed  and  are  written  into 
the  long  channel  in  the  same  cells  formerly  occupied  by 
the  binary  digits  of  the  old  R number.  The  carry  re- 
sulting from  the  formation  of  each  digit  is  placed  in  flip- 
flop  B,  the  final  carry  in  B (resulting  from  the  formation 
45  of  the  sign  digit  of  the  new  R number)  therefore  serv- 
ing as  the  dz  output  signal  originating  from  this  integrator 
section. 

It  will  be  remembered  that  the  new  R number  is  re- 
lated to  the  old  R number  and  the  old  Y number,  in 
50  the  manner  defined  by  the  following  equation: 

■^new^-^old + ^old  ‘ dx+K 

As  indicated  by  the  above  equation,  in  forming  the  new 
55  R number  (Rnew),  the  old  Y number  (Y0ld)  is  added  to 
or  subtracted  from  the  old  R number  (R0id)  in  accord- 
ance with  the  +1  or  — 1 value  of  the  dx  input  and  in 
addition  a correction  term  K is  added  which,  as  stated 
before,  has  the  effect  of  incorporating  so-called  “round- 
60  off,”  “trapezoidal”  and  “subtraction”  corrections  in  the 
newly  formed  R number. 

The  value  of  the  correction  term  K is  related  to  the 
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In  Tabulation  2 there  is  illustrated  the  addition  of  value  of  dx  and  dy  as  summarized  by  the  following 
one  (dy=l)  to  an  old  Y difference  number  having  a 75  table,  Table  9. 


53 

TABLE  9 
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Addition 

Subtraction 

+1  +1 

+1  -1 

-1  -1 

+1  -1 

+1  -i 
+i  -H 

-i  +i 

-i  -i 
+1  +1 

Round-off  correction— add  H in  addition, 

1 0 
1 0 

0 1 
1 0 

The  nature  of  the  various  corrections  shown  in  Table  9 
will  be  briefly  described.  Considering  first  the  “trape-  15 
zoidal  correction,”  let  us  imagine  a smooth  curve  plotting 
the  growth  of  the  Y number.  As  the  Y number  changes 
(over  an  interval  dx)  in  value  from  YoW  to  Ynew,  the 
curve  during  this  interval  ( dx ) may  be  considered  to  be 
a substantially  straight  line  passing  between  Yold  and  20 
Ynew.  The  incremental  area  lying  beneath  the  curve 
over  this  interval  ( dx ) is  trapezoidal  in  shape  and  there- 
fore has  the  following  value: 

incremental  area—  ^-2-id • dx  25 

The  value  of  this  incremental  area  in  the  amount  by 
which  Roia  must  be  increased  to  form  Rnew.  In  evaluat- 
ing this  incremental  area,  it  will  be  remembered  that 
ynew=Yold+dy.  Substituting  this  value  of  Ynew  in  the  30 
above  equation,  there  is  obtained: 

incremental  area— 


=YM-dx+^dy-dx  35 

trapezoidal  correction 

The  quantity  Y0id.dx  is  already  included  in  the  equa- 
tion Rne-w—Roid+Yon-dx+K.  To  include  the  additional 
trapezoidal  correction  Vzdy.dx,  it  must  be  treated  as  a 40 
component  of  the  correction  term  K,  as  shown  in  Table  9. 
Thus  referring  to  Table  9,  when  dx=+l  and  dy=+l, 
then  the 

trapezoidal  correciion=V2dy.dx—V2(+l)(  + l)—+V2 
The  remaining  trapezoidal  correction  entries  in  Table  9 
may  be  similarly  obtained. 

Considering  next  the  “round-off  correction,”  it  will  be 
understood  that  the  accuracy  of  representation  of  quan- 
tities by  the  Y number  is  limited  by  the  fact  that  the  Y 50 
number  is  not  of  infinite  length.  In  using  a limited  number 
of  digits  in  the  Y number,  lower  order  digits  are  effec- 
tively discarded.  However  much  of  the  loss  in  accuracy 
caused  by  the  effective  discarding  of  lower  order  digits 
can  be  regained  by  following  a round-off  procedure.  The  55 
value  of  the  sum  of  such  lower  order  digits  could  lie 
between  1 and  0,  and  is  assumed  therefore  to  be  equal 
on  the  average  to  V2.  Round-off  may  therefore  be  ac- 
complished by  considering  Y0ld  to  be  larger  by  Vi  in  its 
least  significant  place.  Thus  when  Y0id  is  added  to  qq 
Row  (dx=+ 1),  Rnew  must  be  additionally  increased 
by  V2  and  when  Yold  is  subtracted  from  Rold  (dx—— 1), 
Rnew  must  be  additionally  decreased  by  Vi,  as  shown  by 
the  corresponding  “round-off  correction”  entries  in 
Table  9.  65 

Considering  next  the  “subtraction  correction,”  it  will 
be  known  by  those  skilled  in  the  art  that  one  of  the  most 
common  ways  in  which  one  binary  number  is  subtracted 
from  another  binary  number  is  to  reverse  or  complement 
all  the  digits  of  the  subtrahend,  then  proceed  as  in  nor-  70 
mal  addition  and  finally  add  one  to  the  lowest  order 
digit  of  the  sum  thereby  produced.  In  the  DDA  of  the 
present  invention  an  operation  very  similar  to  this  proc- 
ess is  performed  whenever  the  Y number  is  subtracted 
from  the  R number.  Although  the  Y number  is  not  75 
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present  in  normal  binary  form  but  is  available  oniy  as 
a difference  number,  in  adding  or  subtracting  the  Y 
number  to  the  R number  it  is  effectively  converted  to 
binary  form,  the  digits  of  the  binary  number  being  re- 
versed in  value  when  Y is  subtracted  from  R.  There- 
fore whenever  Y is  subtracted  from  R it  is  necessary  to 
additionally  add  one  to  the  lowest  order  digit  of  the 
new  R number  thereby  formed,  as  shown  by  the  corre- 
sponding entries  for  the  subtraction  correction  in  Table  9. 

The  total  correction  K which  is  to  be  added  in  form- 
ing the  new  R number  is  equal  to  the  sum  of  the  corre- 
sponding “trapezoidal,”  “round-off”  and  “subtraction” 
corrections.  Thus  as  shown  in  Table  9 when  dx  and  dy 
both  have  +1  values  the  total  correction  K is  equal 
to  1 (Vi+ 14=1).  When  dx—-\- 1 and  dy=  — 1,  the 
total  correction  K— — 1A-j-1A=0.  When  dx=  — 1 and 
dy — + 1 , the  total  correction K=—1A—1A  + 1=0  and  fin- 
ally when  dx  and  dy  are  both  — 1,  the  total  correction  K 
is  equal  to  one  (V2—V2  + 1=1). 

The  last  row  in  Table  9 is  entitled  “dy  in  flip-flop  P.” 
It  will  be  remembered  that  at  the  time  the  Y +R  addi- 
tion is  to  be  begun,  dy  is  held  in  flip-flop  P,  a +1  value 
of  dy  being  represented  by  a “1”  valued  signal  in  flip- 
flop  P and  a —1  value  of  dy  being  represented  by  a 
“0”  valued  signal  in  flip-flop  P.  Thus  each  of  the  entries 
in  this  last  row  of  Table  9 corresponds  to  such  repre- 
sentation in  P of  the  dy  values  shown  in  the  second  row 
of  Table  9. 

It  will  be  noted  that  for  addition  (dx=  + l)  the  total 
correction  K is  equal  to  dy  in  flip-flop  P,  while  for  sub- 
traction (dx= — 1),  the  total  correction  K is  equal  to 
the  reverse  of  dy  in  flip-flop  P.  Another  way  of  stating 
this  is  that  K—0  only  when  dx  and  dy  are  different  and 
is  otherwise  equal  to  1. 

In  discussing  the  performance  of  the  Y+R  addition, 
it  is  useful  to  set  up  a correspondence  between  the  digits 
of  the  Y number  in  difference  form  and  the  correspond- 
ing digits  of  the  Y number  in  normal  binary  form.  As 
defined  hereinabove,  the  successively  higher  order  digits 
of  the  old  Y difference  numbers  (reading  from  right  to 
left)  are: 

yn+iyn  • • • WsJ^ilold  Y difference  number 

and  the  corresponding  digits  of  this  number  in  binary 
form  will  be  designated  respectively  as: 


yn+ibynb  • • • J’4b>'3b>’2b>’ib}Y  binary  number 

where  corresponding  digits  of  the  equivalent  binary  and 
difference  numbers,  have  like  subscripts. 

If  the  Y binary  number  is  complemented,  each  of  its 
digits  is  reversed  in  value,  these  reversed  digits  being 
designated  respectively  as: 


yn+1b'ynb' 


It  is  of  considerable  interest  to  note  that  each  digit 
(excluding  the  first  digit)  of  the  Y difference  number  in- 
dicates changes  between  corresponding  digits  of  the  com- 
plemented Y binary  number  as  well  as  between  the  cor- 
responding digits  of  the  normal  Y binary  number.  For 
example  if  y2=0  this  indicates  that  y2b,  is  the  same  as 
yxb'  as  well  as  that  y2b  is  the  same  as  >’1b.  If  >'2=1,  then 
it  is  indicated  that  y 2b'  is  the  reverse  of  yib'  as  well  as 
that  y2b  is  the  reverse  of  yib.  The  fact  that  the  digits 
of  the  Y difference  number  represent  the  changes  in  both 
the  complemented  and  normal  Y binary  numbers  is  of 
great  importance  and  makes  it  possible  to  effectively 
complement  the  Y number  by  operations  that  affect  only 
the  first  digit  of  the  Y difference  number. 

Keeping  the  described  nomenclature  in  mind,  we  can 
now  develop  the  manner  in  which  the  Y+R  addition 
operations  are  performed.  Let  us  assume  for  the 
moment  for  purposes  of  illustration  that  the  digits  of  the 
Y binary  number  were  available.  If  this  were  true,  then 
addition  of  YoM,  R0ld  and  K to  form  Rnew  could  be 
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readily  accomplished  as  illustrated  by  the  following  etc.  would  be  available).  The  principal  disadvantage  of 

tabulation,  Tabulation  3,  which  shows  the  formation  of  such  a mode  of  operation,  is  as  hereinbefore  explained 

Rnew  when  dx=  + l.  Under  this  condition  that  it  is  necessary  to  remember  in  some  fashion  through- 

Rnew=Roia+Yoi&+K  out  the  operation  whether  an  addition  (dx=  + 1)  or  a 

Tabulation  3 

rn+i  Tn n U h tj  T\  Old  R number  (R0  id) 

(y^+cn)....(y^+cE)  (y^+cj  (yh3+c3)  (y\+cj  (v\+K)  yh+c,  a=K 


-new  -new  -new  -new  -new  -now  -now  N0W  R number  (Rnew) 

'n+l  'n  'fi  r4  r3  '2  rl 

dz  Cnn ct  a a Ci  ci  ci=K  Binary  carries  c 


According  to  the  ordinary  rules  of  binary  addition,  subtraction  {dx=— 1)  is  being  performed  so  that  it  can 
the  first  digit  of  Rnew,  digit  r1new  is  equal  to  rl+y1b+A.  15  be  determined  whether  the  digits  j>ib,  y2b  etc.  are  to  be 
As  illustrated  in  Tabulation  3,  r1new  is  obtained  by  first  added  in  normal  fashion  or  are  to  be  reversed  or  corn- 
summing  yxb  and  K to  form  the  quantity  (y1b+^T)  plemented  in  value  before  being  added.  In  prior  art 

which  is  then  added  to  r1  to  form  ;rnew  and  a resultant  DDA’s,  an  extra  flip-flop  is  utilized  which  is  devoted  to 

binary  carry  c2.  The  binary  carry  c2  resulting  from  the  storing  dx  throughout  the  operation  so  as  to  distinguish 
formation  of  r1new  is  recorded  for  later  utilization  in  20  whether  an  addition  or  subtraction  is  performed, 
forming  r2new.  The  digit  r2new  is  of  course  equal  to  the  However  in  the  DDA  of  the  present  invention,  because 

binary  sum  r2+y2b+c2  and  is  obtained  by  summing  of  the  fact  that  the  Y number  is  stored  in  difference  nota- 
y2b  and  c2  to  form  the  quantity  (y2b+c2)  which  is  then  tion  (the  digits  yi,  y2  . . . etc.  being  available)  it  is  pos-  - 
added  to  r2  to  form  r2new  and  a new  carry  c3.  The  same  sible  to  develop  a process  for  performing  the  above- 
process  is  repeated  for  the  formation  of  each  of  the  25  described  operations  which  does  not  require  any  storage 
successive  digits  of  Rnew-  The  resultant  number  Rnew  or  knowledge  of  dx  except  at  the  time  that  the  initial 

thereby  produced  is  equal  to  R0id+Told+Jsr  and  there-  carry  K is  formed.  Thereafter  in  a perfectly  uniform 

fore  corresponds  to  the  result  desired  when  dx=- (-1.  It  operation,  the  successive  yb+c  quantities  (in  addition) 
is  seen  that  in  this  process,  the  addition  of  the  quantity  K or  yb'-f  c quantities  (in  subtraction)  are  developed  and 

is  obtained  by  treating  K as  though  it  were  an  initial  30  added  to  the  corresponding  digits  of  Row  to  form  the 
carry  cx  affecting  the  lowest  order  digit  position.  resultant  digits  of  Rnew.  All  operations  performed  in 

When  dx=— 1,  it  is  necessary  to  subtract  YoW  from  this  process  are  invariant  in  both  addition  and  subtraction. 

Row  in  forming  Rnew.  Rnew  is  then  to  be  equal  to  The  nature  of  these  processes,  are  illustrated  by  the 

row~Tqw+^-  To  accomplish  this  subtraction  it  is  cus-  following  tabulation,  Tabulation  5. 


T 

T, 

T... 

T 

T' 

Tabulation  5 

T rT'  T 

T' 

Contents  of  flip-flop  T 

7n+l 

2/n+l 

Tn... 

T3 

Vi 

Tl 

V2 

Tl 

2/1 

Interplexed  digits  ol  Y and  R numbers  (in  L) 

^n+1 

T, 

n 

rj 

Pi 

p; 

Addition:  2/b+c  as  P„  P3 P\-dy 

-new 

rn-H 

dz  Cr.+l 

Cn+i . . . 

••  •r3*W 
• ••Ci  C| 

-new 

Ci 

Cl 

-new 

ri 

Cl 

Cl 

Cl 

subtraction: 
yv+c  as  Pi,  Pj. . 

Digits  of  Knew  On  M) 

Binary  carries  c (in  B)  Ci=K 

tomary  to  reverse  the  binary  digits  of  YoW  (assuming  It  will  be  remembered,  as  shown  in  Tabulation  5, 
still  for  purposes  of  example  that  the  digits  of  the  Y that  the  successive  digits  of  Yold  and  RoW  are  stored  in 

binary  number  are  available),  add  one  to  the  lowest  interplexed  order  and  appear  in  that  order  in  flip-flop  L, 

order  digit  and  then  proceed  as  in  normal  addition.  In  digits  of  Yold  appearing  in  L at  time  T'  and  digits  of 

the  example  of  such  a subtraction  provided  herebelow,  in  50  RoW  appearing  in  L at  times  T.  Each  (yb+e)  quantity 
Tabulation  4,  it  is  assumed  that  the  -f  1 subtraction  cor-  or  (yb’+c)  quantity  as  it  is  formed  is  placed  in  flip- 

rection  which  is  to  be  added  to  the  lowest  order  digit  flop  P,  these  successive  signals  (yib+c1;  y2b+c2  . . . etc. 

position  is  included,  as  hereinbefore  explained,  in  the  in  addition  and  yib'+Ci,  >’2b’“r6,2  . . . etc.  in  subtrac- 

quantity  K which  serves  as  the  initial  carry  cx.  tion)  being  designated  in  Tabulation  5 as  signals  Pi, 

Tabulation  4 

rn+i  rQ r*  r3  n n R0id 

(y£+l+cn+l)  (Vn’+O--.  (Va'+'s)  (Vi'+K)  !/b'+c,  Ci=Jf 


Cn+1 -.C5  C{  cs  ci 

In  this  hypothetical  subtraction,  r1new=7‘i+yib'-l-2sl 
(where  yib'  is  the  reverse  of  yib  and  the  required  +1  sub- 
traction correction  is  included  in  K).  To  obtain  rinew, 
yib'  and  K are  summed  to  form  the  quantity  (yib'-j-jR) 
which  is  then  added  to  ri  to  form  /rnew  and  a carry  c2. 
The  digit.  r2new  is  obtained  in  similar  manner  by  adding 
the  quantity  (y2b'-f  c2)  to  r,  to  form  r2new  and  a carry  c3. 
Succeeding  digits  of  Rnew  are  similarly  obtained. 

The  hypothetical  addition  and  subtraction  processes 
described  above  in  connection  with  Tabulations  3 and  4 
could  readily  be  followed  through  if  the  Y number  were 
available  in  binary  form  (so  that  the  digits  yib,  y2b  . . . 


ci=jt  Dinar y carries  c 

P3  . . . etc.  respectively  which  are  placed  in  flip-flop  P 
at  times  T.  Intermediate  values  appearing  successively 
in  flip-flop  P on  T'  time  intervals  are  designated  Pi1, 
P2‘  . . . etc.  It  will  be  remembered  that  dy  is  initially 
placed  in  P and  therefore  Pxi=dy.  The  binary  carries 
ci,  c2  . . . etc.  are  placed  in  flip-flop  B. 

it  win  be  remembered,  from  Tabulations  3 and  4,  that 
in  both  addition  and  subtraction,  the  initial  carry  Ci 
(which  is  to  be  placed  in  B)  is  equal  to  the  correction 
term  K.  As  defined  by  Table  9,  the  correction  term 
K=  0 only  when  dx  and  dy  are  different  and  is  other- 
wise  equal  to  1.  Thus  the  placing  of  K in  flip-flop  B 
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should  be  done  at  that  earlier  time  at  which  dx  and  dy 
are  both  available  (when  dx  is  in  flip-flop  P and  dy  is 
flip-flop  Q).  The  term  which  defines  such  placement  of 
K in  flip-flop  B has  already  been  presented  hereinbefore 
without  full  explanation  and  is: 

ZPB=ComI'TC'L  (P  + Q)  (P'+Q') 

41 

It  is  now  clear  that  term  41  defines  the  placement  of 
the  correction  term  K in  flip-flop  B to  serve  there  as  the 
initial  carry  ct. 

The  next  operation  which  must  be  explained  is  the 
formation  and  placement  in  P of  the  quantity  Pls  it  being 
remembered  from  Tabulations  3 and  4 that  in  addition 
(when  dx=+ 1)  P^y^-fX  and  in  subtraction  (when 
dx=— 1)  P1=y1b'+X.  Essentially  this  operation  re- 
duces to  the  problem  of  determining  P1;  given  yx  and 
Pi!  where  Pi1  has  been  arbitrarily  made  equal  to  dy. 
The  terms  which  define  this  operation  may  be  readily 
developed  from  the  following  truth  table.  Table  10,  in 
which  are  listed  all  possible  combinations  of  Pi1  and  y, 
for  both  addition  and  subtraction. 

TABLE  10 


As  noted  in  Table  10,  yi=yib  since  the  first  digit  of 
a difference  number  is  the  same  as  the  first  digit  of  the 
corresponding  binary  number.  The  values  of  yjb'  are 
found  by  reversing  the  corresponding  ytb  digits.  The 
values  of  K are  readily  found  since,  as  hereinbefore  ex- 
plained, they  are  the  same  as  dy  in  addition  and  the 
reverse  of  dy  in  subtraction.  The  values  of  Pi  are 
found  for  addition  by  adding  ytb  and  K to  form  y^+A, 
and  are  found  for  subtraction  by  adding  y^'  and  K to 
form  y^'+X. 

From  inspection  of  Table  10,  it  is  clear  that  Pi  is 
identical  to  Pp  whenever  yi=0  and  is  the  reverse  of  Pi1 
whenever  yi=l,  this  rule  applying  both  in  addition  and 
subtraction.  Therefore  it  is  evident  that  Pi  can  be  placed 
in  P by  triggering  (reversing)  P whenever  yi  (in  L) 
equals  1.  The  terms  defining  this  triggering  operation 
are: 

SpP=AT'L 

36 
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formed,  we  can  examine  next  how  r1new,  c2  and  P2  are 
formed. 

Considering  first  the  formation  of  r1new,  it  is  evident 
that  this  digit  is  obtained  by  adding  ;4i  and  Pj  to  obtain 
5 their  binary  sum  rinew.  According  to  the  rules  of  binary 
addition  rinew  will  be  the  same  as  whenever  Pi— 6, 
and  will  be  the  reverse  of  r\  whenever  Pi=l.  Since  rx 
appears  in  L and  is  to  be  placed  in  M,  the  required 
result  is  readily  obtained  by  reversing  the  L to  M trans- 
10  fer  '(through  control  of  X)  if  flip-flop  P is  in  its  “1”  state. 
The  same  considerations  apply  in  adding  each  of  the 
Pi,  P2  . . . etc.  quantities  to  the  corresponding  rlt 
r2  . . . quantities  to  form  the  corresponding  r1new, 
r2new  ■ ■ ■ quantities.  The  term  defining  this  opera- 
15  tion  is: 

XP=Com(Q'  + J)  ITC'P 

49 

Considering  next  the  formation  of  c2,  it  will  be  remem- 
20  bered  that  c2  is  to  be  the  binary  carry  resulting  from 
the  formation  of  r1new.  The  discoverey  of  c2  is  greatly 
simplified  by  the  fact  that  the  previous  carry  cx  is  avail- 
able in  B.  Essentially  the  problem  is  to  find  e2  and 
place  it  in  B,  given  ri  (in  L)  and  Pi  (in  P)  and  c,  (in  B). 
25  The  terms  defining  this  operation  may  be  developed 
from  the  following  truth  table  in  which  all  possible  com- 
binations of  n.  Pi  and  Ci  are  listed: 

TABLE  11 
30 


35 


40 


The  quantities  yib  or  ytb'  are  obtained  by  subtracting 
Cj  from  Pi  (remembering  that  Pi==yib+c1  or  yib'+c). 
The  c2  quantities  are  obtained  by  considering  the  binary 
carries  which  would  result  from  the  binary  addition  of 
ri  and  y^  (or  y1b')  and  Ci  to  form  r2new.  According  to 
the  ordinary  rules  of  binary  addition,  a binary  1 carry 
results  when  any  two  of  these  three  quantities  have  “1” 
values. 

g0  From  examination  of  Table  11  it  can  be  seen  that  to 
form  c2  in  B,  B may  be  set  or  zeroed  to  agree  with 
L(fi)  whenever  P(Pi)  is  in  its  “1”  state.  The  same 
considerations  obviously  apply  in  forming  all  of  the 
carries  Ci,  c2,  c3  . . . cs,  dz . The  terms  defining  these 

55  operations  are: 

SpB  = Com(Q,'+J)  ITC'PL 

50 

60  ZPB=Cpm(Q'  + J)  ITC'PL' 

51 


ZPP=AT'L 

37 

which  have  been  developed  hereinbefore  from  entirely 
different  considerations  in  connection  with  the  sign  re- 
versal operation.  Thus,  in  the  present  instance,  ex- 
tremely simple  and  in  fact  already  existent  gating  cir- 
cuitry, serves  to  place  Pi  in  flip-flop  P,  a result  which 
is  largely  occasioned  by  the  fact  that  dy,  which  is  initially 
placed  in  P as  Pi1,  is  so  closely  related  to  the  correction 
quantity  K.  The  initial  placement  of  dy  in  P therefore 
has  allowed  considerable  reduction  in  gating  complexity. 

Now  that  we  have  established  how  Pi  and  ci  are 


Considering  next  the  formation  of  P2,  it  should  be 
understood  that  P2  is  formed  from  Pj  through  considera- 
65  tion  of  r i,  ct  and  y2.  However  at  the  time  that  r\  and  Ci 
are  available  (in  L and  P respectively),  y2  has  not  yet 
appeared.  Because  of  this,  P2  must  be  formed  by  a two 
step  operation.  At  the  time  that  ri  and  ci  are  available 
an  intermediate  value  of  P2,  namely  P2‘,  is  formed  and 
70  placed  in  P on  the  assumption  that  y2=0.  In  the  next 
time  interval  when  y2  appears  (in  L),  if  it  indeed 
equals  0 then  P is  left  unchanged  so  that  P2=P2i.  How- 
ever if  y2=l,  then  P is  triggered,  this  having  the  effect 
it  will  be  shown  of  modifying  P2‘  so  as  to  form  P2  in  P. 
75  The  terms  defining  this  two-step  operation  may  be  de- 
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veloped  from  a consideration  of  the  following  truth 
table.  Table  12,  in  which  all  possible  combinations  of 
Pi,  rx  and  cl  are  listed.  Truth  Table  12  is  invariant  in 
both  addition  and  subtraction.  The  column  headings 
which  apply  to  Table  12  for  addition  are  placed  at  the  5 
top  of  the  table  and  the  column  headings  which  apply  to 
the  table  for  subtraction  are  placed  at  the  bottom  of 
the  table. 


60 

to  “zero”  P in  the  two  instances  noted  above,  as  defined 
by  the  term: 

ZPP=Com(Q'+ J)  ITC'  (LB’+L'B) 

52 

If  y2=0  as  assumed,  then  P2—PJ~  and  flip-flop  P need 
not  be  changed  to  place  P2  therein.  However  if  y2  (in  L) 
equals  1,  then  as  shown  in  Table  12,  P2  will  be  the  re- 


TABLE  12 


P^y^+ci 

n (in  L) 

ci  (inB) 

b 

\ 

C2. 

p*=p\ 

'b 

Pi=y^  +Ca 

(inP) 

v\  (in  P) 

(in  P) 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

1 

1 

1 

1 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

1 

1 

0 

1 

1 

1 

1 

1 

0 

0 

1 

1 

0 

0 

1 

0 

1 

1 

1 

0 

3 

0 

1 

0 

0 

0 

0 

1 

1 

1 

1 

0 

1 

1 

1 

0 

0 

1 

1 

1 

1 

0 

1 

0 

1 

0 

0 

Pl=Vi'+Cl 

(inP) 

n (in  L) 

ci  (inB) 

»?' 

d 

b7  — _i  b 7 

y a Pi=P=yn  +c 
< — if  2/2=0— — > 

b'  „ b'  , 

vi  P1~v>  +CJ 

< — If  Jfj=l — > 

We  shall  first  explain  Table  12  from  the  point  of  view 
of  the  addition  operation.  The  yib  quantities  are  ob- 
tained by  subtracting  Cj  from  Px  (as  in  Table  IT):  The 
c2  quantities  are  obtained  in  the  same  manner  as  in 
Table  11.  35 

To  obtain  the  P2l  quantities,  we  assume  first  that 
y2=0.  Under  this  assumption  (that  y2=0)  y2b  must  be 
equal  to  yib  (as  shown  in  Table  12)  since  the  y2  digit 
indicates  the  changes  between  yxb  and  y2b,  y2=0  indicat- 
ing  no  change  and  y2=  1 indicating  that  y2b  is  the  reverse 
of  y!b.  The  P2‘  quantities  are  obtianed  by  adding  y2b 
and  c2  to  obtain  the  quantity  y2b-j-c  (for  the  assumption 
that  y2— 0). 

If  however  it  is  found  that  y2—  1 then  under  this  con- 
dition  y2b  is  the  reverse  or  complement  of  yxb  (as  shown 
in  Table  12)  and  P2=y2b-{-c2  is  obtained  by  adding 
these  values  of  y2b  and  the  corresponding  values  of  c2. 

We  have  now  completed  explanation  of  Table  12  from 
the  point  of  view  of  the  addition  operation  and  may  now  50 
consider  it  from  the  point  of  view  of  the  subtraction 
operation.  In  subtraction  Px  must  be  considered  as  rep- 
resenting the  quantity  y^'-j-Ci  and  therefore  by  subtract- 
ing ct  from  ?!  the  quantity  y,b'  is  obtained.  The  c2 
quantities  are  of  course  obtained  by  noting  the  carries  5g 
produced  in  the  binary  addition  of  i\,  c1  and  yjb'.  To 
obtain  P2*  it  is  assumed  that  y2=0  and  that  therefore 
y2b'  is  the  same  as  yib'  (since  the  y2  digit  represents 
changes  in  the  complemented  binary  Y number  as  well 
as  in  the  normal  Y binary  number).  The  correspond-  60 
ing  P2‘  values  are  then  obtained  by  adding  c2  and  these 
y2b’  values. 

However  if  y2=  1 then  it  is  clear  that  y2b'  is  the  reverse 
of  yxb'  and  therefore  P2=y2b'+c2  is  found  by  adding 
such  values  of  y2b'  to  the  corresponding  values  of  c2.  05 

It  is  evident  that  Table  12  is  invariant  for  the  addition 
and  subtraction  operations — that  is  that  P2*  and  P2  are 
found  by  the  same  calculation  whether  an  addition  or 
subtraction  operation  is  being  performed.  From  an  ex- 
amination of  Table  12,  it  can  be  seen  that  only  two  of  79 
the  P2*  values  (as  indicated  by  arrows)  differ  from  the 
corresponding  Px  values.  In  each  case  a “1”  value  of  P: 
is  changed  to  a “0”  value  of  P2‘,  this  occurring  only 
when  rx  (in  L)  and  cx  (in  B)  are  different.  Accord- 
ingly, in  order  to  produce  P2!  in  P it  is  merely  necessary  75 


verse  of  P2‘  and  therefore  flip-flop  P must  be  triggered 
to  set  P2  therein.  The  terms  defining  this  triggering 
operation  have  already  been  developed  hereinbefore  from 
other  considerations  and  remain: 

S'pP=AT’L 

36 

ZPP= AT'L 

37 

It  is  obvious  that  the  above-described  considerations 
apply  equally  well  in  forming  each  of  the  quantities  P2i, 
P3*,  P41  . . . etc.  and  the  quantities  P2,  P3,  P4  . . . etc. 
and  therefore  it  is  evident  that  term  52  and  terms  36 
and  37  define  the  successive  formation  of  each  of  these 
quantities. 

It  will  be  further  noted  in  connection  with  Tabula- 
tion 5,  that  as  herebefore  explained  the  last  binary  carry 
which  is  formed  and  placed  in  B (that  carry  resulting 
from  the  formation  of  rn+1llew  is  the  dz  output  signal 
originating  from  this  integrator  section.  This  dz  output 
is  thus  held  in  B at  the  time  the  next  integrator  section 
begins  its  passage,  and  is  available  there  for  possible 
selection  by  the  first  dx  decode  mark  and  for  introduc- 
tion into  the  short  channel  during  the  precession  of  the 
dz  signals  in  the  short  channel. 

Input  and  Output 

The  fact  that  the  dz  output  from  each  integrator  sec- 
tion is  held  in  flip-flop  B as  the  next  integrator  section 
begins  its  traverse  should  be  held  in  mind  in  considering 
how  facilities  are  provided  for  applying  inputs  (Input  1 
and  Input  2)  to  the  DDA  and  for  obtaining  outputs 
(Output  1 and  Output  2)  from  the  DDA. 

Considering  first  the  formation  of  the  outputs,  Out- 
put 1 and  Output  2,  it  must  be  understood  that  .Output  1 
represents  the  dz  signal  originated  by  the  integrator  sec- 
tion immediately  preceding  the  section  containing  the 
fiducial  mark  and  that  Output  2 represents  the  dz  signal 
originated  by  the  next  preceding  section.  The  manner  in 
which  Output  1 and  Output  2 are  obtained  may  be 
readily  explained  by  assuming  for  the  moment,  for  pur- 
poses . of  example,  that  a fiducial  mark  has  been  filled 
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into  the  fiducial  cell  of  the  seventh  integrator  section 
which  is  illustrated  in  FIG.  4. 

Referring  now  to  FIG.  4,  at  the  time  that  the  (as- 
sumed) fiducial  mark  appears  in  M,  it  is  clear  that  the  dz 
signal  ( dze ) originating  from  the  preceding  (6th)  in- 
tegrator section  is  held  in  flip-flop  B.  If  dze  is  a +1 
then  signal  B will  be  high  at  this  time  while  if  d?,e  is 
a —1  signal  B’  will  be  high  at  this  time.  Signals  B and 
B'  are  selected  at  this  time  (ITCM)  and  supplied  as  out- 
put signals  Output  1+  and  Output  1_  which  serve  as 
two  components  of  Output  1.  The  terms  defining  this 
selection  are: 


Output 


Output  l+=ComQ.'ITCMB 

53 

Output  l~=ComQ'ITCMB' 

54 


At  the  same  time  (when  the  fiducial  mark  is  in  M) 
the  dz  signal  (dz5)  originating  from  the  next  preceding 
(5th)  integrator  section  appears  in  flip-flop  A,  signal  A 
at  its  high  level  then  representing  a -f-l  value  of  dz5  and 
signal  A'  at  its  high  level  representing  a —1  value  of 
dz$.  Signals  A and  A'  are  selected  at  this  time  (ITCM) 
and  supplied  as  output  signals  Output  2+  and  Output  2~ 
which  serve  as  the  two  components  of  Output  2.  The 
terms  defining  this  selection  are: 


Output 


Output  2 


Output 


2+  — ComQ'ITCMA 

55 

2~  = C o mQ.'  I T CMA' 

56 


Referring  next  to  the  introduction  of  the  inputs.  In- 
put 1 and  Input  2,  it  should  be  understood  that  each  of 
these  inputs  is  made  up  of  two  components.  A -f-l 
value  of  Input  1 is  represented  by  a high  level  of  a sig- 
nal Input  1+  and  a —1  value  of  Input  1 is  represented 
by  a high  level  of  signal  Input  l-.  Similarly  a +1 
value  of  Input  2 is  represented  by  a high  level  of  a 
signal  Input  2+  and  a — 1 value  of  Input  2 is  represented 
by  a high  level  of  a signal  Input  2~.  In  addition,  for 
reasons  which  will  appear  herebelow,  a signal  Input  2' 
is  supplied  which  normally  has  a low  level  and  has  a 
high  level  only  when  Input  2 is  not  being  applied  to 
the  DDA. 

Input  1,  when  it  is  applied,  is  intended  to  supplant  or 
replace  the  dz  signal  (dzs)  originating  from  the  integrator 
section  (6th  section)  immediately  preceding  the  fiducial 
mark  and  Input  2 is  intended  to  supplant  the  dz  signal 
(dz3)  originating  from  the  next  preceding  (5th)  inte- 
grator section. 

Considering  first  the  introduction  of  Input  1,  this  is 
accomplished  at  the  time  when  the  fiducial  mark  appears 
in  L.  It  will  be  appreciated  that  at  this  time  flip-flop  B 
holds  dze  and  therefore  to  supplant  dze  with  Input  1 it 
is  necessary  to  place  it  in  B by  setting  B if  Input  1+  is 
high  or  zeroing  B if  Input  1“  is  high.  The  terms  defin- 
ing these  operations  are: 

SPB= IA'T'L  ( Input  1+) 

57 

ZPB  = IA'T'L  (Input  1“) 

58 
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supplant  dzs  with  Input  2 it  is  necessary  at  this  time  to 
place  Input  2 in  B and  at  the  same  time  to  prevent  the 
normal  A to  B transfer.  The  terms  defining  the  place- 
ment of  Input  2 in  B at  this  time  (fiducial  mark  in  M) 
5 are: 

SpB=ComITCMQ'(  Input  2+) 

59 

10  Z0B— ComUCMQ,'  ( Input  2~) 

60 

In  developing  a term  which  defines  the  A to  B trans- 
fer, it  will  be  recalled  that  for  the  accomplishment  of 
15  the  hereinbefore  described  dz  precession  operation,  flip- 
flop  A must  transfer  to  B at  each  T time  during  decode 
(TC).  However  it  is  also  clear,  from  the  point  of  view 
of  the  requirement  made  by  the  introduction  of  Input  2, 
that  this  A to  B transfer  should  not  be  made  at  the  time 
20  when  the  fiducial  mark  appears  in  M unless  Input  2 is 
not  being  applied  (as  indicated  by  Input  2'  at  its  high 
level).  The  terms  defining  the  described  A to  B trans- 
fer are: 

25  SpB=Com(Q/+ J) ATC (M'  + I'  + Input  2') 

61 

ZPB=Com(Q'+J)A'TC  (M'+I'  + Input  2') 

62 

30 

Scope  Display 

As  described  in  connection  with  FIG.  3,  during  fill 
operations  (when  Com'  is  high)  signals  representing  the 
35  contents  of  the  integrate  portion  of  the  integrator  sec- 
tion containing  the  fiducial  mark  are  displayed  on  the 
viewing  face  of  cathode  ray  tube  68  through  the  upper 
window  66,  while  signals  representing  the  contents  of  the 
decode  portion  of  the  same  integrator  section  are  dis- 
40  played  through  lower  window  67.  During  compute 
operations  (when  Com  is  high)  signals  representing  the 
R number  are  displayed  through  upper  window  66,  and 
signals  representing  the  Y number  are  displayed  through 
.g  lower  window  67. 

Associated  with  cathode  ray  tube  68  are  conventional 
controls  for  horizontally  sweeping  the  electron  beam  of 
tube  68  across  its  face  in  response  to  a synchronizing 
signal  Synch,  for  blanking  (blocking)  and  deblanking 
qq  (passing)  the  electron  beam  in  accordance  with  a beam 
intensity  control  signal  Int  which  is  applied  to  the  cath- 
ode ray  tube  control  grid,  and  for  vertically  deflecting 
the  beam  during  its  sweep  in  accordance  with  a signal 
Verttr  (which  is  applied  to  the  upper  deflection  plate  of 
--  the  cathode  ray  tube)  and  a signal  VertL  (which  is 
applied  to  the  lower  deflection  plate  of  the  cathode  ray 
tube).  The  signals  Synch,  Int,  Verttr  and  VertL  are,  as 
shown  in  FIG.  3,  generated  within  gating  matrix  31  and 
from  there  applied  to  the  cathode  ray  tube  controls. 

60  The  sweep  controls  are  adjusted  so  that  the  duration 
of  the  sweep  of  the  electron  beam  corresponds  to  the 
time  required  for  the  passage  of  a single  integrator  sec- 
tion. Since  only  the  contents  of  the  integrator  section 
containing  the  fiducial  mark  are  to  be  displayed,  the 
05  sweep  must  be  triggered  by  signal  Synch  each  time  the 
fiducial  mark  appears  (in  flip-flop  L).  The  term  defining 
this  operation  is: 


The  introduction  of  Input  2 to  supplant  dz5  is  accom- 
plished at  this  time  T at  which  the  fiducial  mark  is  in 
M(ITCM).  At  this  time  dz5  is  in  flip-flop  A and  is  in 
normal  operation  to  be  transferred  to  flip-flop  B at  the 
end  of  the  time  interval  as  part  of  the  normal  precession 
through  B of  the  dz  signals  in  the  short  channel.  To 


Synch= IA'T'L 

70  63 

During  compute  operations  (when  Com  is  high)  only 
the  contents  of  the  integrate  portion  are  to  be  displayed 
75  and  therefore  the  electron  beam  must  be  deblanked 
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(passed)  by  signal  Int  only  during  the  passage  of  this 
portion.  This  operation  is  defined  by  the  term: 

Intp=Com(AI'  + IC') 

64  6 

However  it  will  be  further  remembered  that  during  fill 
operations  (when  Com'  is  high)  the  contents  of  both 
the  decode  and  integrate  portions  are  to  be  displayed,  10 
the  beam  therefore  being  continuously  deblanked.  The 
term  defining  this  operation  is  simply: 

IntP=Com' 

65  15 

Considering  next  the  vertical  deflection  signals  Vertn 
and  VertL,  it  should  be  understood  that  signal  VertL  is 
used  to  selectively  raise  or  lower  the  electron  beam  so 
that  its  trace  may  be  viewed  either  through  upper  window  20 
66  or  lower  window  67  while  signal  Vertn  is  used  to 
further  displace  the  beam  so  as  to  trace  waveforms  rep- 
resenting the  successive  signals  of  the  integrator  section 
(appearing  in  flip-flop  L).  The  term  defining  the  signal 
Vertu  is  therefore:  25 

Vertu=L 

66 

In  developing  the  terms  defining  the  signal  VertL,  it  30 
will  be  remembered  that  during  fill  operations  (Com') 
the  signals  of  the  integrate  portion  of  the  integrator  sec- 
tion are  to  appear  at  upper  window  66  and  the  signals  of 
the  decode  portion  of  the  section  are  to  appear  at  lower 
window  67.  The  term  defining  this  operation  is: 

VertLn— Com'  (AT'+TC') 

67 

During  the  compute  (Com)  operation  however  (ap-  40 
pearing  in  L at  time  T)  the  signals  representing  the  digits 
of  the  R number  are  to  be  displayed  at  upper  window  66, 
while  the  signals  representing  the  digits  of  the  Y number 
(appearing  in  L at  time  T')  are  to  be  displayed  at  lower  4g 
window  67.  The  term  defining  this  operation  is: 

Vertn=ComT 

68 

50 

What  is  claimed  as  new  is: 

1.  An  electrical  information  signal  storage  mechanism 
comprising:  a cyclically  operable  memory  device  includ- 
ing a circulating  channel,  write  means  for  writing  bi- 
valued  information  signals  applied  thereto  upon  said  gg 
channel,  and  read  means  for  reading  the  bivalued  infor- 
mation signals  written  upon  said  channel;  transfer  means, 
coupled  between  said  read  and  write  means  and  respon- 
sive to  an  applied  bivalued  control  signal  having  either  a 
first  value  or  a second  value,  for  transferring  information 
signals  appearing  at  said  read  means  to  said  write  means, 
said  transfer  means  being  operable  to  transfer  said  in- 
formation signals  unchanged  and  complemented  in  value 
when  said  applied  control  signal  is  at  said  first  and  second 
values,  respectively;  information  signal  storage  means  for 
storing  bivalued  information  signals  to  be  written  upon 
said  channel;  and  gating  means  for  comparing  each  sig- 
nal appearing  at  said  read  means  with  the  signal  simul- 
taneously stored  in  said  storage  means  to  generate  and 
apply  to  said  transfer  means  a corresponding  control  sig-  yo 
nal  of  such  value  as  to  cause  said  signal  appearing  at 
said  read  means  to  be  transferred  identical  in  value  to 
said  simultaneously  stored  signal,  said  gating  means  in- 
cluding apparatus,  coupled  to  said  read  means  and  said 
storage  means,  for  applyihg  to  said  transfer  means  a 75 
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control  signal  having  said  first  and  second  values  when 
the  signal  stored  in  said  storage  means  and  the  signal 
appearing  at  said  read  means  have  the  same  and  different 
values,  respectively. 

2.  An  electrical  information  signal  storage  mechanism 
comprising:  a memory  device  including  write  means,  read 
means,  and  means  for  producing  at  said  read  means 
after  a predetermined  time  delay  bivalued  information 
signals  applied  to  said  write  means;  information  signal 
storage  means  for  storing  a bivalued  information  signal 
to  be  applied  to  said  write  means;  and  a gating  network 
for  applying  bivalued  information  signals  to  said  write 
means,  said  gating  network  including  first  gating  means, 
coupled  between  said  read  means  and  said  storage  means 
for  comparing  each  signal  produced  at  said  read 
means  with  the  signal  simultaneously  stored  in  said 
storage  means  to  produce  a bivalued  control  signal  hav- 
ing first  and  second  values  when  the  signal  stored  in  said 
storage  means  and  the  signal  produced  at  said  read  means 
have  the  same  and  different  values,  respectively,  and 
second  gating  means,  responsive  to  said  first  and  second 
values  of  said  control  signal  for  respectively  applying  to 
said  write  means  the  signals  produced  at  said  read  means 
unchanged  and  complemented  in  value  whereby  each 
signal  produced  at  said  read  means  is  transferred  identical 
in  value  to  the  signal  simultaneously  stored  in  said  storage 
means. 

3.  An  electrical  information  signal  storage  mechanism 
comprising:  a memory  device  including  write  means, 
read  means,  and  means  for  producing  at  said  read  means 
after  a predetermined  time  delay  bivalued  information 
signals  applied  to  said  write  means;  information  signal 
storage  means  for  storing  a bivalued  information  signal 
to  be  applied  to  said  write  means;  and  a gating  network, 
coupled  between  said  read  and  write  means  and  to  said 
storage  means,  for  comparing  each  signal  produced  at 
said  read  means  with  the  signal  simultaneously  stored  in 
said  storage  means  to  said  write  means  an  information 
signal  having  the  same  and  complementary  values  as  the 
information  signal  produced  at  said  read  means  when 
the  signal  stored  in  said  storage  means  and  the  signal 
produced  at  said  read  means  have  the  same  and  comple- 
mentary values,  respectively. 

4.  In  an  electronic  computer  including  a first  cyclically 
operable  memory  device  having  a read  point  and  at  least 
one  bivalued  information  signal  storage  section  of  a pre- 
determined length  circulating  past  said  read  point,  said 
section  circulating  past  said  read  point  in  a predetermined 
time  period  corresponding  to  said  predetermined  length 
of  said  section  said  section  being  divided  into  first  and 
second  portions  of  substantially  equal  length,  a marking 
mechanism  for  continuously  indicating  the  portion  of 
said  storage  section  passing  said  read  point,  said  mech- 
anism comprising:  a second  cyclically  operable  memory 
device  operable  in  synchronism  with  said  first  memory 
device,  said  second  memory  device  including  a second 
information  signal  storage  section  having  a length  sub- 
stantially equal  to  one-half  of  said  predetermine!  length, 
write  means  for  writing  bivalued  information  signals  ap- 
plied thereto  upon  said  second  storage  section,  and  read 
means  for  reading  information  signals  written  upon  said 
second  storage  section  after  a time  delay  corresponding  to 
the  length  of  said  second  storage  section  and  substan- 
tially equal  to  one  half  the  predetermined  time  period; 
and  transfer  means  for  applying  to  said  write  means  an 
information  signal  complementary  to  the  signal  being 
read  by  said  read  means  to  continually  produce  informa- 
tion signals  appearing  at  said  read  means  which  during 
the  passage  of  said  first  portion  past  said  read  point  are 
complementary  to  the  information  signals  appearing  at 
said  read  means  during  the  passage  of  said  second  por- 
tion past  said  read  point. 

5.  In  an  electronic  computer  including  a first  cyclically 
operable  memory  device  having  a read  point  and  at 
least  one  bivalued  information  signal  storage  section  of 
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a predetermined  length  circulating  past  said  read  point 
said  section  circulating  past  said  read  point  in  a prede- 
termined time  priod  corresponding  to  the  predetermined 
length  of  said  section,  said  section  being  divided  into 
first  and  second  portions  of  substantially  equal  length,  a 
marking  mechanism  for  continuously  indicating  the  por- 
tion of  said  storage  section  passing  said  read  point,  said 
mechanism  comprising:  a second  cyclically  operable 
memory  device  operable  in  synchronism  with  said  first 
memory  device,  said  second  memory  device  including  a 
second  information  signal  storage  section  having  a length 
substantially  equal  to  one-half  of  said  predetermined 
length,  write  means  for  writing  bivalued  information 
signals  applied  thereto  upon  said  second  storage  section, 
and  read  means  for  reading  information  signals  written 
upon  said  second  storage  section  after  a time  delay  corre- 
sponding to  the  length  of  said  second  storage  section 
and  substantially  equal;  means  for  initially  storing  infor- 
mation signals  of  a predetermined  value  over  the  entire 
length  of  the  storage  section  of  said  second  memory  de- 
vice; and  transfer  means  for  applying  to  said  write  means 
an  information  signal  complementary  to  each  signal  be- 
ing read  by  said  read  means,  to  continually  produce  in- 
formation signals  appearing  at  said  read  means  which 
during  the  passage  of  said  first  portion  past  said  read 
point  are  complementary  to  the  information  signals  ap- 
pearing at  said  read  means  during  the  passage  of  said 
second  portion  past  said  read  point. 

6.  In  an  electronic  computer  including  a first  cyclically 
operable  memory  device  having  a read  point  and  a bi- 
valued information  signal  storage  channel  circulating  past 
said  read  point,  said  channel  being  divided  into  a plurality 
of  equal-iengthed  storage  sections,  each  of  said  sections 
having  a predetermined  length  and  being  divided  into  first 
and  second  portions  of  substantially  equal  length,  each  of 
said  portions  circulating  past  said  read  point  in  a predeter- 
mined time  interval  corresponding  to  one  half  said  prede- 
termined length,  a marking  mechanism  for  continuously 
indicating  the  portion  of  each  storage  section  passing  said 
read  point,  said  mechanism  comprising:  a second  cycli- 
cally operable  memory  device  operable  in  synchronism 
with  said  first  memory  device,  said  second  memory  device 
including  a second  information  signal  storage  channel  hav- 
ing a length  substantially  equal  to  one-half  of  said  prede- 
termined length,  write  means  for  writing  bivalued  informa- 
tion signals  applied  thereto  upon  said  second  channel,  and 
read  means  for  reading  information  signals  written  upon 
said  channel  after  a time  delay  corresponding  to  the  length 
of  said  second  channel  and  substantially  equal  to  said  pre- 
determined time  interval;  and  transfer  means  for  applying 
to  said  write  means  an  information  signal  complementary 
to  the  signal  being  read  by  said  read  means,  to  continually 
produce  information  signals  appearing  at  said  read  means 
which  during  the  passage  of  each  first  portion  past  said 
read  point  are  complementary  to  the  information  signals 
appearing  at  said  read  means  during  the  passage  of  each 
second  portion  past  said  read  point. 

7.  In  an  electronic  computer  for  cyclically  performing 
a mathematical  operation  upon  each  of  a plurality  of  pairs 
of  numbers,  represented  as  a corresponding  plurality  of 
pairs  of  bivalued  information  signal  trains,  respectively,  to 
produce  a bivalued  information  signal  representing  the 
result  of  the  mathematical  operation,  the  combination 
comprising:  a first  cyclically  operable  memory  device 
including  a read  point  and  a relatively  long  bivalued  in- 
formation signal  storage  channel  circulating  past  said  read 
point,  said  long  channel  having  a plurality  of  equai- 
lengthed  sections  corresponding  to  the  plurality  of  pairs 
of  information  signal  trains,  respectively,  each  of  said 
sections  having  two  portions  of  substantially  equal  prede- 
termined length,  one  of  said  portions  storing  the  corre- 
sponding pair  of  said  information  signal  trains;  a second 
cyclically  operable  memory  device  operable  in  synchro- 
nism with  said  first  device,  said  second  device  including 
a relatively  short  channel  having  a length  substantially 
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equal  to  said  predetermined  length,  write  means  for  writ- 
ing information  signals  applied  thereto  upon  said  short 
channel,  and  read  means  for  reading  information  signals 
written  upon  said  short  channel  after  a time  delay  corre- 
5 sponding  to  the  length  of  said  short  channel;  transfer 
means  normally  operable  to  apply  to  said  write  means 
an  information  signal  complementary  to  the  information 
signal  being  read  by  said  read  means  whereby  the  informa- 
tion signals  appearing  at  said  read  means  during  the  pas- 
10  sage  of  each  of  said  one  portions  past  said  read  point  is 
complementary  to  the  information  signals  appearing  at 
said  read  means  during  the  passage  of  the  corresponding 
other  portion;  logical  gating  means  for  combining  each 
pair  of  information  signal  trains  to  produce  the  corre- 
15  sponding  bivalued  result  signal  representing  the  result  of 
the  mathematical  operation;  and  means  operable,  during 
the  passage  of  each  section  of  said  long  channel  past  said 
read  point,  for  inhibiting  the  operation  of  said  transfer 
means  for  one  information  signal  and  for  applying  to  said 
20  write  means  an  information  signal  complementary  to  the 
corresponding  bivalued  result  signal. 

8.  In  an  electronic  digital  differential  analyzer  including 
a relatively  long  circulating  channel  having  a plurality  of 
integrator  sections  each  divided  into  first  and  second  equal 

25  lengthed  portions  for  storing  information  to  be  operated 
upon  during  the  integrate  operation  to  produce  bivalued 
overflow  digit  signals  and  a relatively  short  circulating 
channel  for  storing  the  bivalued  overflow  digit  sig- 
nals from  the  integrator  sections,  the  length  of  the 
30  short  channel  being  substantially  equal  to  one-half  the 
length  of  each  integrator  section  and  to  a multiple  of  the 
length  occupied  by  one  digit  signal,  a recirculating  system 
for  the  short  channel,  said  system  comprising:  write  means 
for  writing  bivalued  signals  applied  thereto  upon  the  short 
35  channel;  read  means  for  reading  each  signal  written  upon 
the  short  channel  after  a time  delay  corresponding  to  the 
length  of  the  short  channel;  logical  gating  means,  coupled 
between  said  read  and  write  means  and  normally  respon- 
sive to  each  bivalued  signal  read  by  said  read  means  for 
4.0  applying  to  said  write  means  a bivalued  signal  comple- 
mentary to  the  read  signal;  and  means  operable  during  the 
integrate  operation  of  the  analyzer  for  inhibiting  the  re- 
sponse of  said  logical  gating  means  to  alternate  signals 
read  by  said  read  means  during  alternate  circulations  of 
the  short  channel  and  for  applying  to  said  write  means, 
after  a time  delay  corresponding  to  the  length  occupied 
by  one  digit  signal,  a bivalued  signal  corresponding  to  each 
of  said  alternate  signals. 

9.  The  recirculating  system  defined  in  claim  8,  wherein 
5q  the  last-named  means  includes  carry  means  for  applying 

to  said  write  means  once  during  each  of  said  alternate 
circulations  of  said  short  channel  a bivalued  signal  corre- 
sponding to  the  overflow  digit  signal. 

10.  The  recirculating  system  defined  in  claim  9,  where- 
in  said  last-named  means  further  includes  means  operable 
once  per  circulation  of  said  long  channel,  for  inhibiting 
the  operation  of  said  carry  means  and  for  applying  to  said 
write  means  a bivalued  signal  representative  of  a signal 
from  an  external  source. 

11.  An  electrical  adder  for  cyclically  producing  a 
bivalued  output  signal  representative  of  the  sum  of  a plu- 
rality of  bivalued  input  signals  serially  applied  thereto 
during  each  cycle  of  operation  thereof,  said  plurality  of 
input  signals  comprising  in  each  cycle  of  operation  a first 

gg  applied  input  sipial  and  a fixed  number  of  subsequently 
applied  input  signals,  said  adder  comprising:  electrical 
switching  means  actuable  to  produce  a bivalued  output  sig- 
nal; means,  responsive  to  the  first  applied  input  signal  of 
said  plurality  of  input  signals  during  each  cycle  of  opera- 
7q  tion,  for  actuating  said  switching  means  to  produce  an  out- 
put signal  corresponding  to  said  first  applied  input  signal; 
and  logical  gating  means,  responsive  to  each  subsequent 
applied  input  signal  of  said  plurality  which  is  different 
from  the  output  signal  from  said  switching  means,  for 
75  actuating  said  switching  means  to  produce  a bivalued  out- 
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put  signal  complementary  to  the  output  signal  produced  by 
said  switching  means  in  the  immediately  preceding  cycle 
of  operation  in  which  said  subsequent  applied  input  signal 
was  different  from  the  output  signal  from  said  switching 
means.  g 

12.  An  electrical  adder  for  cyclically  producing  in  each 
of  a plurality  of  cycles  of  operation  thereof  a bivalued  sum 
signal  representative  of  the  sum  of  at  least  first  and  second 
bivalued  input  signals  which  are  serially  applied  thereto 
during  each  cycle  of  operation  thereof,  said  adder  com-  io 
prising:  electrical  switching  means  actuable  to  produce  a 
bivalued  output  signal  T having  either  a first  value  or  a 
second  value;  means,  responsive  to  the  first  applied  input 
signal  during  each  cycle  of  operation,  for  actuating  said 
switching  means  to  produce  a first  result  signal  corre-  ig 
sponding  to  said  first  applied  signal;  and  logical  gating 
means,  responsive  to  said  first  result  signal  and  the  asso- 
ciated second  applied  input  signal  in  each  cycle  of  opera- 
tion, for  actuating  said  switching  means  to  produce  a sec- 
ond result  signal  having  alternate  first  and  second  values  20 
each  time  said  first  result  signal  has  a value  different  from 
said  associated  second  applied  signal,  the  result  signal 
produced  by  said  switching  means  at  the  end  of  each  cycle 

of  operation  constituting  the  sum  signal. 

13.  An  electrical  adder  for  cyclically  producing  in  each  25 
of  a plurality  of  cycles  of  operation  thereof  a bivalued  sum 
signal  representative  of  the  sum  of  n bivalued  input  sig- 
nals Ij  which  are  serially  applied  thereto  during  each  cycle 

of  operation  thereof,  where  n,  said  adder 

comprising:  electrical  switching  means  actuable  to  pro-  30 
duce  a series  of  n bivalued  output  signals  Oj  correspond- 
ing respectively  to  signals  I,,  each  signal  Oj  having  either 
a first  value  or  a second  value;  means,  responsive  to  signal 
Ii  during  each  cycle  of  operation,  for  actuating  said 
switching  means  to  produce  output  signal  0:  correspond-  35 
ing  in  value  to  signal  Ilt  and  means,  responsive  during  the 
plurality  of  cycles  of  operation  to  each  signal  Oj^  and 
each  signal  Ij,  for  actuating  said  switching  means  to  pro- 
duce output  signals  0,  having  alternate  first  and  second 
values  during  each  successive  cycle  of  operation  in  which  40 
signal  Oj_!  has  a value  different  from  signal  Ij,  the  output 
signal  produced  by  said  switching  means  at  the  end  of  each 
cycle  of  operation  constituting  the  sum  signal. 

14.  An  electrical  circuit  for  cyclically  producing  in 
each  of  a plurality  of  cycles  of  operation  thereof  a bi-  45 
valued  result  signal  representative  of  the  result  of  one  of 
the  mathematical  operations  of  addition  and  subtraction 
upon  at  least  first  and  second  bivalued  signals  serially 
applied  thereto  during  each  cycle  of  operation  thereof, 
said  circuit  comprising;  electrical  switching  means  actu-  go 
able  to  produce  a bivalued  output  signal  having  either  a 
first  value  or  a second  value;  first  means,  responsive  to  the 
first  applied  signal  during  each  cycle  of  operation,  for 
actuating  said  switching  means  to  produce  a first  result 
signal  whose  value  has  a predetermined  relationship  to  the  gg 
value  of  the  first  applied  signal;  and  second  means,  re- 
sponsive to  said  first  result  signal  and  the  associated  sec- 
ond applied  input  signal  during  each  cycle  of  operation, 
for  'further  actuating  said  switching  means  to  produce  a 
second  result  signal  having  alternate  first  and  second  gg 
values  each  time  the  relationship  between  the  values  of 
the  first  result  signal  and  the  associated  second  applied 
signal  is  different  from  said  predetermined  relationship, 
the  result  signal  produced  by  said  switching  means  at  the 
end  of  each  cycle  of  operation  representing  the  result  of  65 
the  mathematical  operation. 

15.  In  an  electronic  digital  integrator  including  a cycli- 
cally operable  memory  device  having  a decode  portion 
for  storing  decode  signals  for  the  integrator  input  informa- 
tion and  an  integrate  portion  for  storing  paired  number  yg 
signals  to  be  integrated,  the  combination  comprising:  elec- 
trical switching  means,  responsive  to  the  decode  signals 
for  producing  a first  bivalued  output  signal  representing 
the  value  of  the  input  information;  and  means,  responsive 

to  a predetermined  signal  in  the  integrate  portion,  for  75 
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triggering  said  switching  means  to  produce  a second  bi- 
valued output  signal  complementary  to  said  first  output 
signal. 

16.  In  an  electronic  digital  integrator,  the  combination 
comprising:  a circulating  channel  including  a decode  por- 
tion for  storing  decode  signals  for  the  integrator  input  in- 
formation, and  an  integrate  portion  for  storing  integrate 
information  signals  and  a bivalued  sign  reversal  signal  hav- 
ing either  a first  value  or  a second  value;  electronic  switch- 
ing means  actuable  to  produce  a bivalued  output  signal 
having  either  a first  value  or  a second  value;  first  means, 
responsive  to  the  decode  signals  during  one  circulation  of 
said  channel  for  actuating  said  switching  means  to  pro- 
duce a first  output  signal  representing  the  value  of  the  input 
information;  and  second  means,  responsive  during  said 
one  circulation  of  said  channel  to  the  bivalued  sign  reversal 
signal,  for  further  actuating  said  switching  means  to  pro- 
duce a second  output  signal  complementary  to  said  first 
output  signal  when  said  sign  reversal  signal  has  the  first 
value. 

17.  In  an  electronic  digital  integrator,  the  combination 
comprising:  a circulating  channel  including  a decode  por- 
tion for  storing  dx  and  dy  decode  signals  for  the  dx  and 
dy  inputs,  respectively,  to  the  integrator,  and  an  integrate 
portion  for  storing  r and  y signals  and  a bivalued  sign 
reversal  signal;  write  means  for  writing  signals  upon  said 
channel;  read  means  for  reading  the  signals  written  upon 
said  channel  after  a predetermined  time  delay;  electronic 
switching  means  actuable  to  produce  a bivalued  output  sig- 
nal having  either  a first  value  or  a second  value;  first 
means,  operable  during  one  circulation  of  said  channel 
when  the  dx  decode  signals  are  being  read  by  said  read 
means,  for  actuating  said  switching  means  to  produce  a 
first  output  signal  representing  the  value  of  the  dx  input; 
and  second  means,  operable  during  said  one  circulation  of 
said  channel  when  the  sign  reversal  signal  is  being  read 
by  said  read  means,  for  further  actuating  said  switching 
means  to  produce  a second  output  signal  complementary 
to  said  first  output  signal  whenever  the  sign  reversal  signal 
has  a predetermined  value. 

18.  In  an  electronic  digital  integrator  in  which  the  dx 
and  dy  inputs  are  respectively  determined  by  dx  and  dy 
decode  signals  stored  in  the  decode  portion  of  the  storage 
section  of  a cyclically  operable  memory  device,  the  stor- 
age section  also  including  an  integrate  portion  for  storing 
r and  y number  signals  and  an  integrate  exchange  signal, 
the  combination  comprising:  first  means,  actuable  in  re- 
sponse to  the  dx  decode  signals,  for  producing  a first  bi- 
valued output  signal  representing  the  value  of  the  dx  input; 
second  means,  actuable  in  response  to  the  dy  decode  sig- 
nals, for  producing  a second  bivalued  signal  representative 
of  the  value  of  the  dy  input;  and  third  means,  coupled 
between  said  first  and  second  means  and  responsive  to  the 
integrate  exchange  signal,  for  further  actuating  said  sec- 
ond means  to  produce  a third  bivalued  output  signal  hav- 
ing a value  equal  to  the  value  of  said  first  output  signal 
and  fourth  means  receiving  said  third  output  signal,  for  ad- 
ditively  combining  said  r and  y number  signals  in  response 
to  said  third  bivalued  signal  at  one  value  and  for  sub- 
tractively  combining  said  y and  r number  signals  in  re- 
sponse to  said  third  bivalued  signal  at  the  other  value. 

19.  In  an  electronic  digital  integrator  in  which  the  dx 
and  dy  inputs  are  respectively  determined  by  dx  and  dy 
decode  signals  stored  in  the  decode  portion  of  the  storage 
section  of  a cyclically  operable  memory  device,  the  stor- 
age section  also  including  an  integrate  portion  for  storing 
r and  y number  signals  and  a bivalued  integrate  exchange 
signal  having  either  a first  value  or  a second  value,  the 
combination  comprising:  first  means,  actuable  in  response 
to  the  dx  decode  signals,  for  producing  a first  bivalued 
output  signal  representing  the  value  of  the  dx  input;  sec- 
ond means,  actuable  in  response  to  the  dy  decode  signals, 
for  producing  a second  bivalued  signal  representative  of 
the  value  of  the  dy  input;  third  means,  responsive  to  the 
integrate  exchange  signal,  for  further  actuating  said  first 
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means  to  produce  a third  output  signal  complementary  to 
said  first  output  signal  when  the  integrate  exchange  signal 
has  the  first  value;  fourth  means,  responsive  to  the  in- 
tegrate exchange  signal,  for  further  actuating  said  second 
means  to  produce  a fourth  output  signal  having  a value  ~ 
equal  to  the  value  of  said  third  output  signal  when  the 
integrate  exchange  signal  has  the  first  value,  and  fifth 
-means,  responsive  to  the  integrate  exchange  signal,  for 
further  actuating  said  first  means  to  produce  a fifth  output 
signal  having  a value  equal  to  the  value  of  said  second  out-  10 
put  signal  when  the  integrate  exchange  signal  has  the  sec- 
ond value. 

20.  In  a cyclically  operable  electronic  digital  integrator 
for  performing  an  integration  in  response  to  applied  dx 
and  dy  inputs,  the  combination  comprising:  signal  generat-  lg 
ing  means  for  generating  in  a predetermined  time  sequence 
during  each  cycle  of  the  integrator  a bivalued  sign  reversal 
control  signal  for  reversing  the  sign  of  the  dx  input  and  a 
bivalued  integrate  exchange  control  signal  for  interchang- 
ing the  dx  and  dy  inputs,  each  of  said  signals  having  either  2o 
a first  value  or  a second  value;  first  signal  storage  means 
for  storing  a first  bivalued  output  signal  representative  of 
the  value  of  the  dx  input;  second  signal  storage  means  for 
storing  a second  bivalued  output  signal  representative  of 
the  value  of  the  dy  input;  first  gating  means,  responsive  to  2g 
said  sign  reversal  control  signal,  for  storing  in  said  first 
storage  means  a bivalued  output  signal  complementary  to 
said  first  output  signal  when  said  sign  reversal  control  sig- 
nal has  one  of  said  first  and  second  values;  second  gating 
means,  responsive  to  said  integrate  exchange  signal,  for  30 
storing  in  said  second  storage  means  a bivalued  output  sig- 
nal corresponding  to  the  output  signal  stored  in  said  first 
storage  means  when  said  integrate  exchange  control  signal 
has  one  of  said  first  and  second  values;  and  third  gating 
means,  responsive  to  said  integrate  exchange  signal,  for  35 
storing  in  said  second  storage  means  a bivalued  output 
signal  corresponding  to  the  output  signal  stored  in  said 
second  storage  means  when  said  integrate  exchange  control 
signal  has  the  other  of  said  first  and  second  values. 

21.  The  combination  defined  in  claim  20,  wherein  said  40 
first  gating  means  also  includes  means,  responsive  to  said 
integrate  exchange  control  signal,  for  complementing  the 
signal  stored  in  said  first  storage  means  when  said  integrate 
exchange  signal  has  said  one  value. 

22.  In  an  electronic  digital  integrator  having  an  integra-  45 
tor  section  stored  on  a cyclically  operable  memory  device, 
the  integrator  being  operable  for  selecting  predetermined 

dz  signals  stored  in  the  memory  device  and  including  an 
integrate  exchange  signal  and  signals  representing  a Y 
number  and  an  R number,  the  combination  comprising: 
first  means  responsive  to  at  least  one  of  the  selected  dz 
signals  for  producing  a first  bivalued  output  signal  repre- 
senting the  value  of  the  dx  input  to  the  integrator  section; 
second  means  responsive  to  the  remaining  selected  dz  55 
signals  for  producing  a second  bivalued  signal  representing 
the  dy  input  to  the  integrator  section;  third  means  respon- 
sive to  application  of  an  applied  bivalued  signal  -for  operat- 
ing upon  the  signals  representing  the  Y number  in  accord- 
ance with  the  value  of  the  applied  signal;  fourth  means  60 
responsive  to  application  of  a bivalued  signal  for  operating 
upon  the  signals  representing  the  R number  in  accordance 
with  the  value  of  the  applied  signal;  and  exchange  means 
responsive  to  the  exchange  signal  for  applying  said  first 
bivalued  signal  to  said  fourth  means  and  said  second  bi-  0 
valued  signal  to  said  third  means  when  said  exchange  sig- 
nal has  one  value  and  for  applying  said  first  bivalued  signal 
to  said  third  means  and  said  second  bivalued  signal  to  said 
fourth  means  when  said  exchange  signal  has  its  other  value.  70 

23.  The  combination  defined  -by  claim  22  wherein  said 
first  means  includes  selectively  operable  apparatus  for 
reversing  the  value  of  said  first  bivalued  output  signal  after 
it  is  produced,  whereby  whenever  said  exchange  signal  has 

its  other  value  said  third  means  operates  upon  the  signals  75 
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representing  the  Y number  in  accordance  with  the  reversed 
value  of  said  first  output  signal. 

24.  The  combination  defined  by  claim  23  wherein  said 
second  means  includes  apparatus  for  summing  said  re- 
maining selected  dz  signals,  said  second  bivalued  signal 
representing  the  sum  of  said  remaining  dz  signals,  whereby 
whenever  said  exchange  signal  has  its  other  value,  said 
fourth  means  operates  upon  the  signal  representing  the  R 
number  in  accordance  with  the  value  of  the  sum  of  said 
plurality  of  dz  signals. 

25.  In  a multiple-integrator  electronic  digital  differential 
analyzer  in  which  the  integrate  operation  is  controlled  by 
a predetermined  set  of  operation  control  signals  and  in- 
cludes a decode  routine  and  an  integrate  routine,  a phase 
control  system  for  controlling  the  performance  of  the  de- 
code and  integrate  routines,  said  system  comprising:  a 
cyclically  operable  storage  device  including  write  means 
for  writing  bivalued  information  signals  applied  thereto, 
read  means  for  reading  bivalued  information  signals,  and 
means  for  applying  to  said  read  means  after  a predeter- 
mined time  delay  each  information  signal  written  by  said 
write  means;  first  means  for  initially  applying  to  said  write 
means  a predetermined  plurality  of  bivalued  phase  control 
signals  having  a first  value;  and  second  means  for  there- 
after applying  to  said  write  means  a bivalued  information 
signal  complementary  to  each  phase  control  signal  read 
by  said  read  means  to  continually  produce  phase  control 
signals  at  said  read  means  -which  during  alternate  cycles 
of  said  storage  device  are  complementary. 

26.  The  phase  control  system  defined  in  claim  25,  where- 
in said  first  means  also  initially  applies  to  said  write 
means  a predetermined  plurality  of  bivalued  overflow 
digit  signals  interplexed  with  phase  control  signals;  and 
said  second  means  further  includes  logical  gating  means 
normally  operable  to  apply  to  said  write  means  a bivalued 
signal  corresponding  to  each  overflow  digit  signal  read  by 
said  read  means,  and  switching  means,  responsive  to  the 
predetermined  set  of  operation  control  signals  and  phase 
control  signals  having  a predetermined  value,  for  render- 
ing said  logical  gating  means  inoperable. 

27.  The  phase  control  system  defined  in  claim  26, 
wherein  said  switching  means  includes  an  electronic  stor- 
age device  for  storing  bivalued  signals  representative  of 
input  information  to  the  integrators,  and  means  for  apply- 
ing to  said  write  means  bivalued  signals  corresponding  to 
the  signals  stored  in  said  storage  device. 

28.  In  a multiple-integrator  electronic  digital  differen- 
tial analyzer  in  which  the  integrate  operation  performed 
in  each  integrator  includes  a decode  routine  for  establish- 
ing the  input  information  in  accordance  with  previously 
established  decode  information,  and  an  integrate  routine 
for  integrating  integrate  information  in  accordance  with 
the  established  input  information,  the  combination  com- 
prising: a cyclically  operable  memory  device  including 
write  means  for  writing  bivalued  signals  applied  thereto, 
read  means  -for  reading  bivalued  signals  applied  thereto, 
and  means  for  applying  to  said  read  means  after  a prede- 
termined time  delay  each  bivalued  signal  written  by  said 
write  means;  first  means  for  applying  to  said  write  means 
in  a predetermined  order  bivalued  signals  representative 
of  the  decode  information  and  the  initial  integrate  in- 
formation; second  means,  responsive  to  first  and  second 
control  signals,  for  applying  to  said  write  means  bivalued 
signals  representative  of  first  and  second  predetermined 
logical  functions,  respectively,  of  each  signal  read  by  said 
read  means;  and  third  means  including  a second  cyclically 
operable  recirculating  memory  device  for  applying  said 
first  and  second  control  signals  to  said  second  means  in 
said  predetermined  order,  wherein  said  second  cyclically 
operable  recirculating  device  is  operable  in  synchronism 
with  the  first-named  memory  device  and  includes  write 
means  for  recording  applied  bivalued  signals  and  read 
means  for  reading  recorded  bivalued  signals  after  a pre- 
determined time  delay  and  further  includes  apparatus  for 
applying  to  said  second  means  the  bivalued  signals  read 
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by  said  read  means  and  the  bivalued  signals  applied  to  said 
write  means. 

29.  In  a multiple-integrator  electronic  digital  differential 
analyzer  in  which  the  integrate  operation  performed  in. 
each  integrator  includes  a decode  routine  for  establishing 
the  input  information  in  accordance  with  previously  es- 
tablished decode  information,  and  an  integrate  routine  for 
integrating  integrate  information  in  accordance  with  the 
established  input  information,  the  combination  comprising : 
a cyclically  operable  memory  device  including  write 
means  for  writing  bivalued  signals  applied  thereto,  read 
means  for  reading  bivalued  signals  applied  thereto,  and 
means  for  applying  to  said  read  means  after  a predeter- 
mined time  delay  each  bivalued  signal  written  by  said 
write  means;  first  means  for  applying  to  said  write  means 
in  a predetermined  order  bivalued  signals  representative 
of  the  decode  information  and  the  initial  integrate  in- 
formation; second  means,  responsive  to  first  and  second 
control  signals,  for  applying  to  said  write  means  bivalued 
signals  representative  of  first  and  second  predetermined 
logical  functions,  respectively,  of  each  signal  read  by  said 
means;  and  third  means  including  a second  cyclically 
operable  recirculating  memory  device  for  applying  said 
first  and  second  control  signals  to  said  second  means  in 
said  predetermined  order,  wherein  said  second  memory 
device  includes  write  means  for  writing  bivalued  signals 
applied  thereto,  read  means  for  reading  bivalued  signals 
applied  thereto,  and  means  for  applying  to  said  read  means 
after  a second  predetermined  time  delay  each  signal  re- 
written by  said  write  means,  the  first  mentioned  predeter- 
mined time  delay  being  an  integral  multiple  of  said  second 
predetermined  time  delay. 

30.  The  combination  defined  in  claim  29,  which  further 
includes  means  for  initially  applying  to  the  write  means 
of  said  second  memory  device  bivalued  signals  having  a 
predetermined  value. 

31.  The  combination  defined  in  claim  30,  which  further 
includes  logical  gating  means,  coupled  between  the  read 
and  write  means  of  said  second  memory  device,  normally 
operable  to  apply  to  the  write  means  a bivalued  signal 
complementary  to  the  bivalued  signal  read  by  the  read 
means. 

32.  The  combination  defined  in  claim  31,  which  further 
includes  generating  means  for  generating  bivalued  signals, 
and  means,  operable  during  predetermined  periods  of  the 
integrate  operation,  for  inhibiting  the  operation  of  said 
logical  gating  means  and  for  applying  to  the  write  means 
of  said  second  memory  device  a bivalued  signal  corre- 
sponding to  the  signal  generated  by  said  generating  means. 

33.  The  combination  defined  in  claim  32,  wherein  said 
generating  means  is  normally  operable  during  one  of  the 
integrate  and  decode  routines  to  generate  a bivalued  signal 
corresponding  to  the  bivalued  signal  read  by  the  read 
means  of  said  second  memory  device. 

34.  In  a multiple-integrator  electronic  digital  differential 
analyzer  in  which  the  integrate  operation  performed  in 
each  integrator  includes  a decode  routine  for  establishing 
the  input  information  in  accordance  with  previously  es- 
tablished decode  information,  and  an  integrate  routine  for 
integrating  integrate  information  in  accordance  with  the 
established  input  information,  the  combination  comprising: 
a cyclically  operable  memory  device  including  write  means 
for  writing  bivalued  signals  applied  thereto,  read  means 
for  reading  bivalued  signals  applied  thereto,  and  means  for 
applying  to  said  read  means  after  a predetermined  time 
delay  each  bivalued  signal  written  by  said  write  means; 
first  means  for  applying  to  said  write  means  in  a predeter- 
mined order  bivalued  signals  representative  of  the  decode 
information  and  the  initial  integrate  information;  second 
means,  responsive  to  first  and  second  control  signals,  for 
applying  to  said  write  means  bivalued  signals  representa- 
tive of  first  and  second  predetermined  logical  functions,  re- 
spectively, of  each  signal  read  by  said  read  means;  and 
third  means  including  a second  cyclically  operable  recir- 
culating memory  device  for  applying  said  first  and  second 
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control  signals  to  said  second  means  in  said  predetermined 
order,  wherein  said  second  means  includes  logical  gating 
means,  responsive  to  an  applied  bivalued  gating  signal,  for 
applying  to  said  write  means  a bivalued  signal  having  a 
5 value  equal  to  the  value  of  the  signal  read  by  said  read 
means  when  said  gating  signal  has  a first  value  and  a value 
complementary  to  the  value  of  the  signal  read  by  said  read 
means  when  said  gating  signal  has  a second  value. 

35.  The  combination  defined  in  claim  34,  wherein  said 
10  second  means  further  includes  additional  logical  gating 

means,  responsive  to  said  first  and  second  control  signals, 
for  producing  said  gating  signal  in  accordance  with  first 
and  second  logical  gating  fnuctions,  respectively;  and 
means  for  applying  said  gating  signal  to  the  first-named 
15  gating  means. 

36.  In  an  electronic  digital  differential  analyzer  in  which 
the  integrate  operation  for  each  integrator  includes  a de- 
code routine  for  generating  dx  and  dy  inputs  in  accord- 
ance with  interplexed  dx  and  dy  decode  marks,  respective- 

20  Iy,  and  an  integrate  routine  for  performing  an  integration 
upon  r and  y numbers  represented  by  interplexed  r and 
y signals,  respectively  to  produce  an  overflow  digit  repre- 
sented by  an  overflow  signal,  the  combination  comprising: 
a cyclically  operable  memory  device  including  write  means 
25  for  writing  bivalued  signals  applied  thereto,  read  means 
for  reading  bivalued  signals  applied  thereto,  and  means 
for  applying  to  said  read  means  after  a predetermined 
time  delay  each  bivalued  signal  written  by  said  write 
means;  first  means  for  applying  to  said  write  means  in  time 
30  sequence  a first  series  of  bivalued  signals  representing  the 
interplexed  dx  and  dy  decode  marks  followed  by  a second 
series  of  bivalued  signals  representing  the  initial  inter- 
plexed r and  y numbers;  second  means,  responsive  to  first 
and  second  control  signals,  for  applying  to  said  write  means 
35  bivalued  signals  representative  of  first  and  second  predeter- 
mined logical  functions,  respectively  of  each  signal  read 
by  said  read  means;  and  third  means  including  a second 
cyclically  operable  recirculating  memory  device  for  apply- 
ing to  said  second  means  said  first  and  second  control 
40  signals  during  the  decode  and  integrate  routines,  respective- 
ly said  second  recirculating  memory  device  being  operable 
in  synchronism  with  said  first  named  memory  device  and 
including  second  write  means  for  recording  applied  bi- 
valued signals  and  second  read  means  for  reading  recorded 
45  bivalued  signals  after  a predetermined  delay  and  further 
includes  apparatus  for  applying  to  said  second  means  the 
bivalued  signals  read  by  said  second  read  means. 

37.  The  combination  defined  in  claim  36,  wherein  said 
third  means  includes  a first  signal  generator  for  generat- 

50  jng  a first  pair  of  complementary  bivalued  signals  each 
having  alternate  first  'and  second  values,  and  a second 
signal  generator  for  generating  at  -least  a second  pair  of 
bivalued  signals  each  having  alternate  first  and  second 
values. 

55  38.  In  an  electronic  digital  differential  analyzer  in  which 

each  integrator  cyclically  operates  upon  r and  y number 
signals  stored  in  a cyclically  operable  memory  device  to 
produce  dz  output  signals  in  response  to  dx  and  dy  input 
signals,  one  of  the  input  signals  of  at  least  one  integrator 
60  being  representative  of  the  summation  of  the  dz  output 
signals  of  a plurality  of  other  predetermined  selected 
integrators,  the  combination  comprising:  a plurality  of 
predetermined  integrators,  each  cyclically  operable  for 
producing  successive  output  signals;  and  a summation  de- 
65  vice  for  cyclically  producing  the  one  input  signal  as  a 
plurality  of  weighted  digit  signals,  said  device  including: 
first  means  for  cyclically  receiving  the  dz  output  signals 
of  said  plurality  of  predetermined  integrators  to  produce 
a plurality  of  weighted  digit  signals  representative  of 
-the  summation  of  the  dz  output  signals;  second  means  for 
storing  at  least  the  most  significant  digit  signal  produced 
by  said  first  means;  and  third  means  for  storing  in  the 
memory  device  during  each  cycle  of  operation  the  remain- 
ing digit  signals  produced  by  said  first  means. 

39.  The  combination  defined  in  claim  38,  wherein  said 


third  means  includes  means  for  initially  storing  in  the 
memory  device  digit  signals  having  predetermined  values. 

40.  The  combination  defined  in  claim  39,  wherein  said 
first  means  includes  means  for  receiving  during  each 
cycle  of  operation  the  digit  signals  stored  in  the  memory 
device  in  the  immediately  preceding  cycle,  and  means  for 
combining  the  received  digit  signals  with  the  output  sig- 
nals. 

41.  The  combination  defined  in  claim  40,  wherein  the 
digit  signals  produced  by  said  first  means  during  each 
cycle  of  operation  represent  the  numerical  value  of  the 
summation  of  the  output  signals  and  the  digit  signals 
stored  in  the  memory  device  during  the  immediately  pre- 
ceding cycle. 

42.  In  ian  electronic  digital  differential  analyzer  includ- 
ing a number  of  integrators,  the  combination  comprising: 
a cyclically  operable  memory  device;  a plurality  of  pre- 
determined selected  integrators  each  having  a group  of  y 
number  signals  which  are  stored  in  said  cyclically  oper- 
able memory  device  and  are  changed  during  each  cycle  of 
operation  in  accordance  with  a dy  input  signal,  each  of 
said  predetermined  integrators  being  cyclically  operable 
for  producing  successive  bivalued  output  signals;  and  a 
summation  dy  device  for  cyclically  producing  as  a dy 
input  signal  a bilevel  signal  representative  of  the  most 
significant  digit  of  a plurality  of  weighted  digits  having 
a numerical  value  equal  to  the  summation  of  the  bi- 
valued output  signals  from  said  pluralty  of  predetermined 
integrators,  said  summation  dy  device  including:  first 
means  for  initially  storing  in  the  memory  device  bivalued 
digit  signals  having  predetermined  values;  a bistable  stor- 
age element  actuable  to  produce  a bivalued  signal  having 
either  a first  value  or  a second  value;  second  means,  re- 
sponsive to  the  output  signals  and  the  bivalued  digit 
signals  stored  in  the  memory  device,  for  actuating  said 
storage  element  to  produce  a bivalued  signal  representing 
the  most  significant  digit  of  the  summation  of  the  output 
signals  and  the  digit  signals;  and  third  means,  responsive 
to  the  output  signals  and  the  digit  signals  stored  in  the 
memory  device,  for  storing  in  the  memory  device  bivalued 
digit  signals  representing  the  remaining  weighted  digits 
of  said  summation. 

43.  The  combination  defined  in  claim  42,  wherein  said 
first  means  receives  1st,  2nd  . . . nth  output  signals,  and 
said  first  means  initially  stores  (n— 1)  bivalued  digit  sig- 
nals, one  digit  signal  for  each  of  said  2nd  through  nth 
output  signals. 

44.  The  combination  defined  in  claim  43,  wherein  said 
second  means  includes  a logical  gating  network  for  actu- 
ating said  storage  element  to  produce  a signal  representa- 
tive of  the  carry  formed  in  the  addition  of  each  output 
signal,  its  associated  digit  signal  and  the  signal  produced 
by  said  storage  element. 

45.  In  an  electronic  digital  differential  -analyzer  in  which 
a mathematical  operation  of  either  addition  or  subtrac- 
tion is  selectively  performed  upon  binary  y and  r num- 
bers in  accordance  with  the  sign  of  a dx  input  signal,  the 
combination  comprising:  means  for  generating  a first 
train  of  serial  bivalued  signals  representing  the  digits  of 
the  r number;  means  for  generating  a second  train  com- 
posed of  a first  and  successive  serial  bvalued  signals  rep- 
resenting the  first  lowest  order  digit  -and  successively 
corresponding  higher  order  digits  respectively  of  the  y 
number  in  difference  notation  code,  said  first  generated 
signal  of  said  second  train  -representing  the  lowest  order 
digit  of  the  y number,  each  of  said  successive  signals  hav- 
ing one  value  only  if  the  corresponding  digit  of  the  y 
number  is  different  from  the  preceding  digit  and  having 
the  opposite  -value  only  if  the  corresponding  digit  is  the 
same  as  the  preceding  digit;  and  means,  responsive  to 
the  dx  input  signal,  for  combining  said  first  and  second 
trains  to  produce  a third  train  of  serial  bivalued  signals 
representing  the  digits  of  the  result  of  -the  mathematical 
operation  of  addition  or  subtraction  of  the  y and  r num- 
bers in  accordance  with  the  sign  of  the  dx  input  signal. 


46.  In  an  electronic  digital  differential  analyzer  respon- 
sive to  bivalued  dx  and  dy  input  signals  for  performing 
the  mathematical  operations  of  addition  and  subtraction 
upon  binary  y -and  r numbers  when  the  dx  input  signal 
has  the  values  +1  and  —1,  respectively,  the  combination 
comprising:  first  means  for  generating  a first  bivalued 
signal  representative  of  the  least  significant  digit  yt  of 
the  y number;  second  means  for  generating  a second  bi- 
valued signal  representative  of  the  least  significant  digit 
i'i  of  the  r number;  and  third  means  responsive  to  the  dz 
input  signal  -at  its  41  value  for  combining  said  first  and 
second  bivalued  signals  and  the  dy  input  signal  to  produce 
a -third  bivalued  signal  representing  the  lowest  order  digit 
of  the  sum  of  the  r and  y numbers  increased  by  an  amount 
equal  to  one  half  the  product  of  the  values  of  the  dx 
and  dy  input  signals  plus  one  half  the  value  of  the  dx 
input  signal,  said  third  bivalued  signal  -having  -a  value 
equal  to  the  binary  sum  of  the  values  of  said  first  signal, 
said  second  signal  and  said  dy  input  signal. 

47.  In  an  electronic  digital  computer,  cyclically  op- 
erable summing  apparatus  for  forming  a train  of  bilevel 
result  signals  representing  in  each  cycle  of  operation  i 
(where  i has  the  successive  values  1,  2,  3 . . . etc.)  an 
increment  dy1  of  a total  sum  kxZ2-\-k2Z2  . . . knZn+x, 
Z2,  Z3  ...  Z„+1  being  predetermined  quantities, 
ky  k2  . . . kn  being  predetermined  different  weighting 
constants,  and  the  summation 

i 

being  proportional  to  the  total  sum,  said  summing  ap- 
paratus comprising:  a plurality  of  1st,  2nd  ...  nth 
cyclically  operable  signal  generators  for  respectively  pro- 
ducing 1st,  2nd  . . . nth  trains  of  bilevel  output  signals 
respectively  representing  in  each  cycle  of  operation  i 
corresponding  increments  dz2l,  dz 3*  . . . dzn+il  of  the 
quantities  Z2,  Z3  . . . Zn  respectively,  the  summations 

i i 

being  equal  to  Z2,  Z3  . . . Zn+1,  respectively;  a cyclically 
operable  accumulator  having  a plurality  of  1st, 
2nd  . . . nth  storage  positions  for  storing  bivalued  digit 
signals  representing  respectively  a corresponding  plurality 
of  weighted  digits  having  weights  kx,  k2  ■ . . kn,  respec- 
tively, of  a stored  remainder  number  D1,  said  accumu- 
lator including  decoding  apparatus  for  applying  said 
1st,  2nd  . . . nth  trains  of  output  signals  to  said  1st, 
2nd  . . . nth  storage  positions  respectively,  said  accumu- 
lator further  including  1st  means  responsive  to  said  digit 
signals  and  to  said  applied  trains  of  output  signals  for 
producing  a train  of  bilevel  result  signals  representing  in 
each  cycle  of  operation  a quantized  increment  dy1  cor- 
responding in  magnitude  and  sign  to  the  sum 

{Dl-\-kxdz2l+k2dzzi+  . . . kndznl~\ 

and  second  means  responsive  to  said  digit  signals  and  to 
said  applied  trains  of  output  signals  for  modifying  the 
stored  digit  signals  in  each  cycle  of  operation  to  represent 
a next  stored  remainder  number  D1+1  proportion  to 

lDi+k1dz2i+k2dz3l  . . • kndzn+il—dyl. 

48.  In  an  electronic  digital  computer,  cyclically  oper- 
able summing  apparatus  for  forming  a train  of  bilevel  re- 
sult signals  representing  in  each  cycle  of  operation  i 
(where  i has  the  successive  values,  1,  2,  3 . . . etc.)  an 
increment  dy1  of  a total  sum 

kiZ2-\-k2Za  . . . kn.Zn+1)  Z2,  Z3  . . . Zn+i 

being  predetermined  quantities,  kx,  k2  ...  kn  being  pre- 
determined different  weighting  constants,  and  the  sum- 
mation 
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being  proportional  to  the  total  sum,  said  summing  ap- 
paratus comprising:  a plurality  of  1st,  2nd  . . . nth 
cyclically  operable  signal  generators  for  respectively  pro- 
ducing 1st,  2nd  . . . nth  trains  of  bilevel  output  sig- 
nals respectively  representing  in  each  cycle  of  operation  5 
i corresponding  increments  dz 2l,  dz3l  . . . of  the 

quantities  Z2,  Z3  ...  Zm  respectively,  the  summations 

T \dz\,  7*  ) dz\  . . , ^ ]dzla+1 
i i 10 

being  equal  to  Z2,  Z3  . . . Zn+1  respectively,  a 1st  cycli- 
cally operable  serial  recirculating  memory;  1st  appara- 
tus intercoupling  said  generators  and  said  1st  memory 
and  operable  in  each  cycle  of  operation  i for  storing  in 
said  1st  memory  in  predetermined  serial  order  the  bi-  15 
level  output  signals  representing  the  increments 

dZ2l,  dZd  . . . dZn+ii 

a second  cyclically  operable  serial  memory  synchronized 
with  said  first  memory  and  having  a plurality  of  cor-  20 
responding  1st,  2nd  . . . nth  storage  positions  arranged 
in  said  memory  in  said  predetermined  serial  order  for 
storing  bivalued  digit  signals  representing  respectively 
a corresponding  plurality  of  weighted  digits,  having 
weights  kx,  k2  ■ ■ ■ kn  respectively,  of  a stored  remainder  25 
number  D1;  decoding  apparatus  intercoupling  said  1st 
and  2nd  memories  for  reading  in  each  cycle  of  opera- 
tion the  output  signals  stored  in  said  1st  memory  and 
the  digit  signals  stored  in  second  memory  for  present- 
ing in  said  predetermined  order  the  output  signals  repre-  30 
senting  the  increments 

dZ2\  dZ2l  . . . dZn+li 

in  coincidence  with  the  digit  signals  representing  the  cor- 
responding weighted  digits  respectively;  first  means  for  35 
serially  receiving  in  each  cycle  of  operation  the  coin- 
cidentally presented  digit  signals  and  output  signals  and 
responsive  thereto  for  producing  a train  of  bilevel  out- 
put signals  representing  in  each  cycle  of  operation  a 
quantized  increment  dyl  corresponding  to  a resultant  sum  40 
Di+k1dz2i-\-k2dzii  . . . kndZ-j\  and  second  means  re- 
sponsive to  the  coincidentally  presented  digit  signals  and 
output  signals  to  represent  a next  stored  remainder  num- 
ber Di+1  proportion  to  the  difference  of  the  resultant 
sum  and  the  increment  dyl.  43 

49.  In  an  electronic  digit  computer,  apparatus  for  pro- 
ducing a resulant  train  of  bivalued  signals  representing 
the  weighted  sum  of  a plurality  of  input  quantities,  said 
apparatus  comprising:  a corresponding  plurality  of  sig- 
nal generators,  for  producing  respectively  a correspond-  gg 
ing  plurality  of  output  signal  trains  of  bilevel  output  sig- 
nals respectively  representing  the  corresponding  plurality 

of  input  quantities;  a cyclically  operable  accumulator 
having  a corresponding  plurality  of  serially  presented 
storage  positions  for  storing  bivalued  digit  signals  repre-  gg 
senting  a corresponding  plurality  of  differently  weighted 
digits  respectively  of  a remainder  number,  said  accumu- 
lator including  decoding  apparatus  for  applying  each  of 
said  output  signal  trains  to  a different  one  of  said  serially 
presented  storage  positions,  said  accumulator  further  in-  gg 
eluding  1st  means  responsive  to  the  applied  signal  trains 
and  the  stored  digit  signals  for  producing  the  resultant 
train  of  bilevel  signals;  and  2nd  means  operable  in  each 
cycle  of  operation  of  said  accumulator  in  response  to 
the  output  signals  of  the  applied  signal  trains  and  the  g5 
stored  digit  signals  for  modifying  the  digit  signals  to  rep- 
resent a new  remainder  number. 

50.  In  an  electronic  digital  computer,  apparatus  for 
producing  a resultant  signal  train  representing  a resultant 
rate  proportional  to  the  weighted  sum  of  a 1st  plurality 
of  input  rates,  said  apparatus  comprising:  a correspond- 
ing 1st  plurality  of  signal  generators,  for  respectively  pro- 
ducing a corresponding  1st  plurality  of  output  signal 
trains  respectively  representing  corresponding  rates  of 
said  1st  plurality  of  input  rates;  an  accumulator  having  a 75 


2nd  plurality,  equal  to  or  exceeding  said  1st  plurality,  of 
successive  counting  stages,  each  stage  being  operable  for 
receiving  a signal  train  applied  thereto  by  the  preceding 
stage,  representing  a sum  rate  of  the  preceding  stage,  and 
responsive  to  application  of  a signal  train  representing  an 
input  rate  for  combining  the  two  applied  signal  trains  to 
produce  a sum  signal  train  representing  a sum  rate  equal 
to  a predeterminedly  scaled  sum  of  the  rates  represented 
by  the  two  applied  signal  trains,  and  for  applying  said 
sum  signal  train  to  the  succeeding  stage;  1st  means 
coupled  to  said  1st  plurality  of  signal  generators  for  ap- 
plying each  of  said  output  signal  trains  to  a different  one 
of  said  stages  of  said  accumulator;  and  2nd  means 
coupled  to  at  least  the  last  stage  of  said  2nd  plurality  of 
successive  stages  and  responsive  to  the  sum  signal  trains 
produced  by  the  stages  to  which  it  is  coupled  for  pro- 
ducing the  resultant  signal  train. 

51.  In  an  electronic  computer  for  performing  a plu- 
rality of  operations  upon  bivalued  information  signals  in 
accordance  with  a corresponding  plurality  of  combina- 
tions of  front  panel  switch  signals  and  electronic  switch 
signals,  the  combination  comprising:  a cyclically  oper- 
able memory  device  for  storing  bivalued  information  sig- 
nals to  be  operated  upon,  said  memory  device  including 
write  means,  read  means,  and  means  for  producing  at 
said  read  means  after  a predetermined  time  delay  each  in- 
formation signal  applied  to  said  write  means;  signal  gen- 
erating means  responsive  to  said  switch  signals  for  gen- 
erating a bivalued  control  signal  having  either  a first 
value  or  a second  value;  and  transfer  means  coupled  be- 
tween said  read  and  write  means  and  responsive  to  said 
control  signal,  for  applying  to  said  write  means  each  sig- 
nal produced  at  said  read  means,  unchanged  when  said 
control  signal  has  said  first  value  and  complemented  when 
said  control  signal  has  said  second  value;  said  read  means 
including  a flip-flop  L producing  complementary  out- 
put signals  L and  L';  said  write  means  including  a flip- 
flop  N having  input  conductors  SM  and  ZM  for  setting 
and  zeroing  flip-flop  N,  respectively,  upon  application  of 
a signal  thereto;  aDd  said  transfer  means  including  first 
and  second  logical  gating  circuits  for  applying  signals  to 
said  SM  and  ZM  input  conductors,  respectively;  said  first 
and  second  gating  circuits  being  respectively  mechanized 
in  accordance  with  the  Boolean  equations: 

SM=LX+L'X' 

ZM=L’X+LX' 

where  the  symbol  -j-  indicates  a logical  “or”  operation, 
the  absence  of  the  symbol  + indicates  a logical  “and” 
operation,  X and  X'  represent  said  bivalued  control  sig- 
nal, and  SM  and  ZM  represent  the  signals  produced  by 
said  first  and  second  gating  circuits,  respectively. 
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